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ABSTRACT 


IX'velopnieiit  ol  analysis  inetliods  for  ortliotropic  adlierend  bonded  lap  joints  which  account  for  material  non- 
hncariiies  at  room  temperature  was  tlie  primary  objective  of  the  researcli  reported  Irerein.  The  use  of  these  metliods  in 
predicting  meclianical  behavior,  ultimate  loads,  and  failure  modes  was  the  goal.  In  order  to  accomplisli  this,  new  analyt¬ 
ical  procedures  were  developed  and  successfully  checked  with  discrete  element  techniques  for  single,  double,  and  step 
lap  adhesively  bonded  attachment  configurations,  experimental  verification  of  these  nonlinear  analyses  was  accomplished 
by  the  tabrication  and  evaluation  of  a  variety  of  simple  Joint  specimens  under  static  monolonically  increasing  load, 
failure  loads  and  modes  were  used  as  the  primary  substantiation  characteristics  but  the  mechanical  behavior  of  a  small 
number  of  these  simple  Joint  specimens  was  observed  at  intermediate  loadings  and  found  to  compare  favorably  with  the 
analytically  predicted  behavior.  Larger,  more  complex  bonded  Joints  were  designed,  fabricated,  and  evaluated  under 
static  mcpncitonicully  iiiCicasing  loads  ai  luum  icmperaiure  utilizing  th  ^se  methods.  Ultimate  load,  tailure  mode,  and 
detailed  strain  behavior  at  any  intermediate  load  were  accurately  predicted  with  the  new  analyses,  as  substantiated  by 
experimental  observations.  These  techniques  were  put  into  a  computerized  design/analysis  program  for  structural 
application  use  and  the  program  was  used  to  generate  bonded  Joint  design  allowable  curves. 
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SliCTlON  1 


INTRODUCTION 


Tins  researcli  program  liad  tliree  objectives  as  defined  in  lixliibil  “A”  of  the  Statement  of  Work  of  Contract 
h.i.'bl  5-6d-C-l  641 ,  Tlie  first  one  was  to  develop  new  static  structural  analysis  methods  for  bonded  joints  which 
account  lor  the  adhesive  and  composite  (or  metal)  adhercnd  nonlinear  behavior  under  stress.  Prediction  of  static 
tailurc  in  all  principal  modes  was  to  be  the  goal  ol  the  analytical  techniques  developed  under  this  first  objective. 
Objective  number  two  was  to  develop  a  method  of  determining  “effective”  adhesive  properties  for  use  in  the  analyt¬ 
ical  methods  since  true  properties  data  are  seldom  available  and  not  generally  obtained  from  simple  tests.  In  the 
third  objective,  useful  static  design  curves  were  to  be  developed  based  on  the  new  analysis  techniques.  The  accom¬ 
plishment  ol  these  objectives  was  the  primary  goal  of  the  research,  leporled  herein. 

The  “how,  what,  and  why”  results  obtained  in  accomplishing  these  objectives  make  up  the  contents  of  this 
report.  Work  and  results  in  completing  the  requirements  of  the  first  objective  are  given  in  .Section  11  Theoretical 
Methods  Development,  III— Discrete  Element  Analysis  (Development),  and  IV  Comparison  of  Theoretical  and 
Discrete  Element  Results.  In  Section  V-Expcrimental  Design,  literature  data  were  surveyed,  analyzed,  and  used  in 
lest  program  development  on  adhercnd  materials  and  bonded  joints.  Manufacturing  and  quality  control  of  the 
composite  materials  is  covered  in  Section  VI  Laminate  Processing,  whereas  Section  VII  Laminate  and  Titanium 
Adlnnend  Test  Results,  reports  the  experimental  characterization  values  obtained.  Lap  shear  assembly  manulacture 
and  postbond  labrication  are  covered  in  Section  VIII  Bonded  Joint  Processing,  while  the  experimental  data  obtained 
in  the  program  are  reported  in  Section  IX  Bonded  Joint  Test  Results.  With  tiie  completion  of  the  work  reported  in 
the  previous  Sections  it  was  possible  to  satisfy  the  second  objective  as  covered  in  Section  X  Theoretical/ Experi¬ 
mental  Behavior  Comparisons  and  “Effective”  Properties.  Satisfaction  of  the  first  two  objectives  made  possible  the 
accomplishment  of  the  third  objective  reported  in  Section  XI  Bonded  Joint  Design  Curves.  Section  XII  Results. 
Conclusiotis,  atid  Recommendations,  coveis  the  meaning  and  im|iact  of  the  research  effort  with  suggestions  for  related, 
pertinent  future  study  of  bonded  joint  structures. 

After  the  List  of  References,  the  Appendices,  except  Appendix  A,  present  the  detailed  information  utilized  in 
the  program  and  are  included  for  the  reader’s  perusal  if  more  data  are  needed. 

In  summary,  the  three  objectives  outlined  above  have  been  satisfied  and  the  method  developed  cati  be  used  m 
R.  T.  static  nonlinear  design/analysis  of  adhesive  bonded  single,  double,  and  step  lap  joints.  With  the  publication  of 
this  report,  computer  programs  based  on  this  analytical  method  arc  available  through  the  Air  Lorce  Flight  Dynamics 
Laboratory,  Wright-Patterson  AFB.  Ohio, 


si  t  TION  II 


Tlli:()RI  TI('AI,  MITIIODS  DllVIl.Ol’MIiNT 


11  1.  ca-Nl  RAl, 


1  his  sL'i.'ii(in  ciinl'.iins  ihc  mMilu'm;iiic;il  ilovolopmeiK  of  noiiliiiCMr  analysis  nielhods*  for  bonded  single,  double, 
■ind  Slop  lap  joints  siibjeeled  to  static  loads  at  R.T.  These  three  joints  are  shown  in  higitre  I ,  along  with  the  coordi¬ 
nate  systems,  ditnensions.  and  applied  loads  which  will  he  iililiml  in  the  following  developments.  The  joints  arc 
assimied  to  be  siiMicientI’,  wide  in  the  c  direction  (peiiicndiciilar  to  the  plane  of  the  paper)  stich  that  the  material 
iindei  load  is  itt  a  state  ol  platie  strain;  i.e..  the  nortnal  strain  C;  and  the  shear  strains  7j.,  and  7,,-  are  assumed  to  be 
zero.  In  general,  the  adhcrenils  may  be  either  orthotropic  (laminates)  or  isotropic,  and  may  have  different  thicknesses 
which  are  constant  lor  each  adherend.  'fhe  adhesive  is  assumed  to  be  isotropic  and  ol  a  constant  thickness  which  is 
much  sttialler  thatt  the  adhereml  thickness,  The  adherends  are  assumed  to  be  flat  plates  iti  betiding;  i.e.,  normal 
stiesses  through  the  thicktiesses  (»,.)  are  neglected.  Interlamimn  sheai  is  neglected.  Lamittaies  tire  assumed  to  be 


l-'IC.LIRH  1.  DIMENSIONS  AND 
COORDINATE  SY.STEM 


symmetrical  about  their  middle  surface.  Further 
assumptions  involving  material  behavior  and 
assumptions  peculitir  to  each  joint  will  be  discussed 
tis  they  oceur. 

11. T  SINOEE;  LAP  JOINT 

II. 2. a.  E(|uilibriun'.  l:cpi;ttiotis 

■fhe  diffcrctitial  equations  of  equilibrium 
governing  the  behavior  of  a  segtnent  of  a  bonded 
single  lap  joint  can  be  developed  from  the  free 
Inulies  in  Figure  2,  (The  joint  is  assumed  to  have 
a  unit  width  in  the  :  direction.)  Sutiimitig  forces 
in  I  he  v  and  e  directions  and  tiionients  in  the.v-  c 
jilane  for  adherends  1  and  2  gives 
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where  o  and  7  ate  the  normal  stress  and  shear  stress 
in  the  adhesive,  respectively,  which  are  assumed 
constant  through  the  thickness  of  the  adhesive,  atid 
.V,'.  I and  Mi  are  the  stress  resultants  for  adheretid 
/.  Subtracting  Equations  ( la) gives: 


''Ihe  difleiential  equations  governing  the  behavior  of  a  scarf  joint  are  presented  in  Appendix  A.  No  solution  was  ob¬ 
tained  .  Iiowevei , 
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T  =  -0'  (2) 

2 

wliere 

</)=yv, -yvj  (3) 

and  the  prime  denotes  differentiation  with 
respect  to.v.  Adding  Equations  (lb)  and  solving 
for  0  yields 
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(H,  by  subslitiilion  of  ( I c),  and  (la), 
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a)  Force  f  ree  Body 
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I'KiCKi:  2.  I'ORCI  S  AND  DISPLACEMliNT.S  FOR 
AN  M.l  MFNT  OF  INFINITF;SIM  Al.  FliNOTli 
OF  A  SINOFl  LAP  IK)N1)F:I)  JOINT 


1  „ 

o  =  -0"  (5) 

2 

vviiere 

/  I  ^  2 

0  ~M]  +4/;  + - (A'l  -  A’2  )  (b) 

4 

Equilibrium  of  the  overall  joint ,  as  deduced 
from  Figure  I  a.  requires  that 

A’l  +  AN  -  Z’ =  0  (7) 

and.  by  summing  moments  about  the  centerline 
of  the  tidhesive. 


.1/: 


.V,/, 


r.v 


H\  1^11001011  (7).  this  can  be  wiitten  as 


c\  I 

4/,  4/2  -  Q  ^.Y  ,  )+  -  (/Vi  -  A^2  )  =  0 

where  Q  is  taken  as 

p7 

(?  =  - 
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(b) 


(‘0 


(10) 


and 


-  0  "h  O 

^  =  ni) 


and  /•’  is  the  joint  load  per  unit  width  of  joint.  The  quantity  /  has  been  neglected  with  respect  to  /,■  (the  adherend 
thicknesses).  Note  that  the  "a”  dimension  is  the  distance  between  points  of  zero  moment. 


I'lu'  v.inablos  0  :iiui  0  will  be  uikeii  as  the  primary  unknown  functions.  By  solving  liquations  (.^),  (6),  (7), 
.nut  ( Id  sumillaneousK’,  the  stress  resultants  arc  found  in  terms  of  0  and  0  as: 

A’.  =  -J-  (P  +  0) 


N2  =  ;(/^-0) 


The  adhesive  stresses  r  and  r;  are  also  determined  from  0;ind  0  by  liquations  (2)  and  (5). 

II. 2. b.  C'otniiatibility  liciuations 

Another  set  of  et|uatioi;S,  tiatnely  the  crunpatibilily  equations,  must  be  brotight  itito  play.  The  shear  straiti  ■> 
and  normal  strain  (  which  are  assumed  coitstant  through  the  adhesive  are  givctt  by 
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7  = - 

t 

(  1 

*  V; 

I 

where  rT,  and  /T^  are  'he  .v  displacements  of  the  ttpper  adberend  lower  face  am!  the  lower  adherend  upper  face, 
respect ivel\'  ( lug.  2b). 
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(14 
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llie  quantities  //,•  and  v,  are  the  axial  and  lateral  displacements  ol'  the  midplane  ol  adherend  /,  respectively,  as  shown 
in  b'igure  2b.  The  middle  surface  normal  strain  c,-  and  curvature  A',-  in  the  adherends  are  given  by 


‘V 


A', 


(1.^ 


wheie  /  refers  to  adherend  nutnber. 


11. -a',  (.'oiislilulivc  Hqiiaiions 

Conslilutive  equations  must  now  be  introduced  to  relate  material  deformations  to  stresses.  The  bonded  joints 
aie  composed  ol  both  isotropic  and  orthotropic  materials:  isotropic  and/or  orthotropic  adherends  and  an  isotropic 
adhesive. 

ll.2.c.(l)  l.sotropic  Adherend 

The  adherends  are  assumed  to  be  in  a  state  of  plane  stress  in  the  .v-z  plane  (Fig.  1 ),  i.e.,  Oy  =  =  t,,;  =  0. 

(The  additional  assumption  of  plane  strain  in  the.v-i’  plane,  i.e.,e-  =  jy,  =  7,,;  =  0  will  be  introduced  later.)  Two 
basic  theories  ol  plasticity  are  available  for  the  description  of  the  nonlinear  behavior  of  isotropic  materials  delorma- 
tion  (total  strain)  theory  and  How  (increment:!  strain)  theory.  Deformation  theory  is  independent  of  the  loading 
path  whereas  Dow  theory  depends  upon  the  I  lading  path.  Deformation  theory  will  be  assumed  here.  For  an  iso¬ 
tropic  material  in  plane  stress,  the  deformation  theory  of  plasticity  stales  that  the  relationship  between  stresses  and 
strains  in  the  inelastic  regime  is^' 


where  CyC^.-y^.  are  the  plane  stress  strains;  Oy  nf-'  'he  plane  si  1  esses  in  the  .v-z  plane  of  l  igiire  I ;  /; .  n.  are 

elastic  coiislanis;  0.  the  eciuivalcnl  stress,  is^  I' 

0  =  (0;.  T  0?  n.v^r  + 1'  ^  11^' 

and  Cp  is  the  corres|ionding  eciuivalcnl  plastic  strain.  Deformation  theory  assumes  that  Cp  for  the  plane  stress  case 
can  he  obtained  from  the  uniaxial  stress-strain  curve  at  a  stress  level  0.  (The  0  vs  Cp  curve  is  identical  to  the  r;^  vs  Cyp 
curve  for  uniaxial  stress.)  Since  the  plastic  strain  is  the  difference  between  the  lotal  strain  and  the  elastk  component, 
one  has 


_  _  0 

Cp  =  c  -  IIS) 

'  /■: 


where  c  is  equivalent  total  strain  at  a  stress  level  0.  If  the  Ramberg-Osgood*-'  approximation  to  the  stress-strain 
curve  is  used,  the  relationship  between  a  and? can  be  expressed  by: 


c  = 


/;■  7  /;■ 


(F)) 


where  o,,  and  n  arc  materird  constants  selected  such  that  Equation  ( IF)  llis  the  nonlinear  portion  of  the  uniaxial 
stress-strain  curve.  (See  Discrete  Flement  Analysis, Section  111.) 


By  combining  Equations  ( 1 6)  and  ( 1 8),  one  obtains 


CO) 


^Raised  numbers  in  parentheses  refer  to  entries  in  the  List  of  References. 


ui  /-.'t,  the  secant  niodulus,  is 


E,= 


o 

e 


and  Vp.  tlie  plastic  Poisson’s  ratio,  is 


.-^0-2.) 


(21) 


(22) 


Inversion  of  Equation  (20)  yields  the  stresses  in  terms  of  strain  as 


in  which,  now,  the  equivalent  stress  a  is  found  from  the  uniaxial  stress-strain  curve  at  an  equivalent  strain  jf 


(1--^^) 
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+  P^Mel  -f  C;)  +  (4vp  - 


pl)€^e,  +  -(1  -PpV  jI: 


(241 


which  applies  to  the  platie  stress  case  in  the  .v-z  plane.  The  additional  as.sumption  of  zero  strain  in  the  ;  directit)n  can 
now  be  conveniently  introduced  (e.  =  ~  0)  so  that  Equations  (23)  and  (24)  specialize  to 
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and 
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(25) 


(26) 


It  will  be  convenient,  for  later  developments,  to  separate  the  stress  into  two  components  the  stresses  which  wcuhi 
be  present  if  the  strains  were  totally  elastic  and  the  stresses  which  must  be  subtracted  from  these  stresses  to  account 
for  plasticity,  i  e.. 
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where  the  fictitious  stresses  a^p  and  o^p,  herein  termed  plastic  stresses,  are  given  by; 


I  -  r?  e. 


in  which: 


m-^i)  » 

face  .Wi!ri“«,tr  h?ri,f 'Ik,'"'''  "’"'.'"'“‘'"P  I"  .l»-v  direction  and  middle  aur- 

.l.e  aditerend  t'  etreea-reanltani  normal  force  in  tliec  direcilon  of 
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1/2 


and  the  siress  resulianl  nu 


men!  as 
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''  S  d.)’ 
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wliere  t  is  the  adherend  thickness.  Employing  ilie  ass 


issiinipiion  that  plane  .sections  remain  plane,  one  hai 


c.v  =e+,i'A' 


where  e  is  the  middle  surface  normal  strain  and  J  is  the  middle  surface  curvature, 
iulive  Equations  (.7),  (30).  (3 1 ).  and  (32 )  to  a 


irrive  at  the  following  plate  Cftnsti- 


and  the  plastic  stress  resultants  a 
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I'oi  purposes  of  iiunierical  integration,  tlie  isotropic  plate  thickness  will  be  divided  into  nine  equal  layers  so  that  the 
plastic  stress  resultants  can  be  written  as 


^  k  =  \ 

(3( 

’  k  =  \ 

where  k  relers  to  the  layer  number  and  v’^  is  the  distance  to  the  center  of  the  layer  f.  om  the  middle  surface,  Intro¬ 
ducing  the  strain-displacement  relationships  of  Equation  ( 15),  Equation  (33)  can  be  written  as 


Ui  = 


I'/ 


Ai 

+  3/,y) 

A 


(37) 


where  the  subscript  /  has  been  added  to  denote  .  dherend  number. 
ll.2.c.(2)  Orthotropic  Adherend 

An  appro])riale  modillcalion  of  the  deformation  theory  of  plasticity  for  ortlvtropic  materials  which  has  been 
suggested  by  Reference  ( I )  is  a  generalization  of  Equation  ( 16)  as 


where  the  subscripts  (!  and  /.  correspond  to  the  principal  material  directions.  The  V-a,\is  is  along  the  fibers  and  the 
r-a,\is  is  perpendicular  to  the  fibers  in  the  plane  of  a  typical  lamina  (.see  Fig.  3 ).  The  quantities  5 1  i .  .5i  2 .  .V;  < ,  and 
•S',,,,  are  elastic  constants  in  the  principal  material  directions; 


5,  ,  =  1/^ 


.5,2  -  “  -’'c/Ac  -  ~Piv!l't 

S22  =  I /A 


( ) 


.56  6  =  l/C'’cr 

where  A,  and  are  the  elastic  orthotropic  moduli  and  Vn  is  the  orthotropic  Poisson’s  ratio.  The  equivalent 
stress  corresponding  to  Equation  (38)  is: 


a  =  (a,  ,08  +a22oJ  +  2a,20e0r  +  3a66i'?f)‘'’  (40) 

'Tire  quantities  a,y  are,  in  general,  variables  dependent  upon  the  stale  of  stress.  Their  values  will  be  discussed  shortly. 
It  is  apparent  that,  for  isotropic  materials  (i.sotropic  strain-hardening),  one  has  a, ,  =0:22  =^66  =  I  andai2  =“1/2; 
i.e..  the  a,y  are  constant,  and  Ip  is  determined  from  a  single  uniaxial  stress-strain  curve.  This  will  not  be  the  case  for 
orthotropic  materials. 
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Tlie  values  of  ai  i ,  ai  2 . 0(22 , 0^66  >  and  €p  are 
delermined  sucli  that  Equations  (38)  and  (40)  are 
satisfied  for  the  conditions  of  uniaxial  (normal  and 
shear)  stress  in  the  principal  directions.  Suppose 
that  the  orthoiropic  material  is  characterized  by 
the  four  uniaxial  curves  shown  in  figure  3,  which 
are  obtained  by  uniaxial  tests  of ;  typical  lamina, 
i.c.,  uniaxial  normal  stress  tests  in  the  d  and  /  direc 
tionsand  a  pure  shear  stress  test  in  the  t!/-plane. 
Each  rurve  is  to  be  approximated  by  a  Ramberg- 
Osgood  law,  so  that,  for  the  uniaxial  tests,  one  has 

Uniaxial  Stress 


fc  -  •'>  I  1  Ot  t  .S )  I  Oov  ( 

7  Vof.i. 


"‘^12  ^  \  \  "  )  (4 1 b ) 


Uniaxial  Stress  0, 


C/  ~  2  2  I  d*  ^‘^22  ^0 1 


In-Plane  Shear  7i 


EKIURE  3.  MATERIAL  C'OORDINATI-S  f’./.  r  AND 
STRE.SS-.STRAIN  CURVES  FROM  UNIAXIAl. 
STRE.SS  TE.STS  IN  PRINCIPAL  DIRECTIONS 


7w  “  ■'>  .6  7;,  +  ^  -Sfift  7m, 


whclc  the  n  and  Uo's.  and  7m,  arc  material  constants  selected  such  that  Equations  (4!a),  (4  lb).  (4  Ic),  and 

{4ld)  fit  the  curves  in  Figure  3.  The  elastic  constants  arc  the  same  as  those  given  in  Equation  t.TS), 

For  a  uniaxial  test  in  the  t!  direction.  Equations  (38)  and  (40)gi\e  the  strain  in  the  t!  direi.tion  as 


Cv  -  .S I  1 0(,  +  s/Oii  c,,  ;  0^'  - 


By  comparison  with  Equation  (41a),  it  is  apparent  that  both  a,  1  and  c,,  cannot  he  determined  uniquely;  i,e.,  either 
a, ,  or  Cp  is  arbitrary.  It  is  convenient  to  select 


a,  ,  =  I 


so  that,  from  (4la)and  (42), 


O;  “  -^1 1  Oqv 


In  other  words,  we  have  'C'llned  the  uniaxial  stress-strain  curve  in  the  t  direction  |Eq,  (41a)]  to  be  the  equivalent 
stress-strain  curve. 


_  3  /a  \"c 

t'  -  .S'  1  I  a  +  —  1  1  Oo  K I  j 

7  \oov/ 

Using  iho  remaining  tlirce  equations  (41b,  c,  d)  in  a  similar  manner,  one  llnds  (note  that  is  now  delnied  by 
liquation  (44)] 

•S' I  ifbn.  \Ooi'//  \  "  / 


o\"'  /onvV": 


I  I  V  V*o/ y 


^  \  '  ^ 
"  /  - 


I  I  -S  A  A  T  < 


0  .  > 


3  'S'l  iO(U  \"n 


Replacing  c,,  by 


e,,  =c  .S',,« 


in  bqnalion  (4S).  and  leitingai  |  bo  units  in  l'x|ualion  (4()|,  gives 


•S 1  M  'S I :  \ 


■S  1  :  \  -S :  2  s 


0  1  " 


0  ■  0, 


s  I  '  W 


()  =  (<){  +a:;o;  +  2a,  + 4q„ 6 r;, )' 


where  the  orlbotropic  secant  coniiiliance  el’inenis  are  given  by: 


•S  I  I  s  “  _ 
a 


‘S 1  2  v  “  -S  1 :  4"  0 1  2  (-S I  I  v  -S 1  I  ) 

.S’2  2  j-  “  'S  2  2  "I"  02  2  ('S  I  1  ,v  .S I  I  ) 


•Sf,  h  v  -S,,  ft  4'  3Qy,  h(.S|  l  y  .S 1  I  ) 


which  corresponds  to  liquation  (20)  for  isotropic  materials.  For  a  given  stress  state  a,,  and  given  material 
constants.  Fqnalions  (4.i).  (46).  (48),  and  (44)  completely  define  the  state  of  strain.  However,  the  definition  is  not 
e.xplicit  since  Fq nations  (45),  (46),  and  (44)  represent  five  nonlinear  equations  in  the  five  unknowns  d,  e,  a,  2 .  Q'2  2  • 
and  Oft  ft . 
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Inversion  ol  LquiKion  (4S)  yields  the  stresses  in  terms  of  the  strains  as 


whe-c  the  secant  stiffness  elements  are  given  by 


Q\  l,v  =>?22.v/(.S'i  1.5.^221-  -iS'ijj.) 

01  2, V  =  —.S’,  2,v/(‘S,  l.v.S'2  2s  -.S',  2.v) 

02  2.V  ~  'S’l  I  v/(.S  I  I  5.92  2.V  —  S'^  2  V  ) 

06  h  V  -  l/.*^6  6.V 

The  equivalent  strain,  obiaiiicd  by  combining  Equations  (50).  (49)  and  (5 1 ),  is  found  as: 

e  =  (/5.  ife  +/322e?  + 

in  which 


(51) 


(52) 


(5.1) 


(^1  I  =  (0f  I  .V  +  a220]2.v  +  2a,  20,  ,,v0,2.v).S'^  ,, 

1  2  =  10  ,  ,  ,v0  ,  2  .V  +  a2  2  02  2  .V0  ,  2  .■  +  a ,  2  (0  ,  ,  /J.  2  5+0^2  ,v  )  I  .S’i ,  5 

2  ~  <  0 1 2  v  +  a2  2  02  2  ,v  +  2a ,  2  0 ,  v02  2  ,v  ).S' , ,  5 
6  “  (,  f,  Q  u  (>  .V‘S  ?  1  V 

•Separaiing  the  stresses  iiiio  uso  components. -rs  for  ic-„ropic  materials  in  Equation  (27).  gives 


(54) 


V; 


■0,, 

012 

0 


012 
02  2 
0 


O' 

0 

06  6 


Vi  r'v 

T\  T"\ 


(55) 


mwin-ch  the  elastic  stif(ne.sselemenlsC7,y  are  asgiven  in  in  terms  of  the 

clasiic  compliance  elements  in  liquation  (.19),  and  . ”  icimsol  the 

{“’"J 

r\ ' 

When  dealing  with  ortliutropic  materials,  it  is  necessary  to  transform  stresses  and  strain,  r-  ,1 
.Kite  system  to  the  priticipal  tnaletial  directions  (Wr)  and  vice  versa  (.see  Fig  1)  The  stresses  in  the  v  n”"' 

system  are  given  in  terms  of  the  stre.sses  in  the  C-r  coordinate  .system  by  ~  u, ordinate 


01. 

0 1  u- 

0.2 

0  1  2  s 

0 

tee  , 

012 

012s 

02  2  ■ 

“  02  2s 

0 

" 

(5(1) 

- 

0 

0 

06  6  —  06  6s_ 

IJ 

wholo 


(57) 


.V  =  sin  i// 
c  =  cos  i// 


(58) 


.iiid  C  is  slunvil  in  Figure  3.  Similarly,  tlie  '■'trains  in  the  ^-t  plane,  due  to  strains  in  tlic  x  direction,  arc  (note,  by  the 
plane  strain  assumption  in  tlie.v-j'  plane, C;  =7.v7  -  0) 


(5‘)) 


In  a  matuter  similar  to  that  used  for  isotropic  adlierends,  Fcpiations  (55),  (30),  (3 1 ),  and  (32)  and  the  transfor¬ 
mation  Equation  (57)  arc  used  to  obtain  the  cou'-iitutive  equations  for  a  laminated  plate  composed  of  different 
layers  of  an  orthotropic  material.  Assuming  symmetry  of  the  laminated  adherend  plate  about  its  midplanc,  one 
again  arrives  at  Equation  (33)  for  the  plate  consittutive  equations,  except  in  this  case  the  constants  A  and  I)  are 
defitied  as: 


''■Eeb 


A-  ,k 


A  )2 


(r 


(00 1 


where  /  is  the  thickness  of  layer  A, 

y  M  =  IC7  2(C7 , 2  +  2(?,  ,  )c^  +Q.2  s‘'  U-  (01) 

and  .V  and  c  are  defined  in  Equation  (58).  In  Equation  (60),  the  sum  on  A  is  taken  over  all  the  layers  in  the  laminate. 
Tlie  plasiE  stress  resultants  for  the  laminate  are  found  as 


k 

(02) 

A 


ll.2.c.(3)  Isotropic  Adhesive 

The  adhesive  is  ssumed  to  be  an  isotropic  material  and  the  constitutive  equations  of  Reference  (I )  are  utilized. 
Ihe  relations  for  the  three-dimensional  stress  state  will  now  be  specialized  for  the  adhesive.  The  normal  stress  in  the 
A'  direction  is  neglected,  Ov  =  0.  Since  the  joint  is  assumed  to  be  in  a  state  of  plane  strain  in  the.v-n  nlane,  one  has 
7,  -  =  Jv-  -  h.  Hence,  the  equations  of  Reference  ( I )  apply  to  the  adhesive  in  the  following  form 
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if 


upmmqppr^  iijiiininijjimuimimiiiii  juiwjmi 


\-(  . 
D  '■ 


(63) 


wliere  now 


a  =  (o^,  +  a  j  —  «,.Oj  +  3tv,,)' 


(64) 


is  tlie  equivalent  stress.  and  Vj,  are  defined  by  liquations  (21 )  and  (22)  respectively.  Inversion  of  Equation  (63) 
and  introduction  of  the  other  zero  strain  for  the  plane  strain  assumption,  =  0,  gives 

/•-'.V 


'V 

(i-i^;,) 


t'pl-'s 


(65) 


Tv,.  = 


/•'.V 


2(1  +tz,,)^'''' 

Now  the  equivalent  stress  a  is  found  from  the  imia.xial  stress  strain  curve  at  an  equivalent  strain  of 

1/2 


e  = 


.5 


(I  -  +'^p)Cv  +-(1  -VpYtxy 

4 


(66) 


Separating  the  elastic  and  inelastic  portions  of  the  stress,  as  was  done  for  the  adherends.  one  finds  the  total  stresses 

l-e 


o  = - 7  ~ 

d-iz')  ^ 


r  =  (;y  -  Tp 


(67) 


in  which  the  subscripts  on  the  adhesive  stresses  and  strains  have  been  removed,  i.e..  o  has  replaced  o,. .  r  replaced 
'v,.,  e  replaced  e,..  and  7  replaced  7v,.-  The  plastic  stres.ses  are  given  by 


Op  = 


!■: 


l-s 


(  I  -  IZ-  )  (  1  -  IZ;,  ) 

L  3(l+rzp)_ 


(6<' 


Introducing  the  compatibility  equations  for  the  adhesive  (Equation  (13)] ,  the  stress-displacement  relationship  for 
the  adhesive  is 


T=-{U\  -112)  +  -!2V2)-Tp 

I  It 


i; 


-  ,,  2  ■(<'1  +v2)-ap 

(I  -v^)f 

Tlie  constitutive  equations  for  the  adhesive  and  adherends  are  now  complete. 
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(69a) 


(69b) 


fftirm OHS'  .-I ' niiiiiriWMi 


ailaiHt  nni|ritir  tt  I  r  ♦  v. 


11  '  ('lovoming  lJirroicnti;il  liqualion 

11)0  oqiiilihriuni,  oonipatibilily,  and  constitutive  equations  are  combined  to  develop  the  governing  differential 
equations  tor  the  single  lap  joint.  In  particular,  by  substituting  liquations  (2),  f.S),  atid  (.17)  into  (6‘1)  and  employ¬ 
ing  (12)  gives 


0"" -f =r/,  -fr/2 
lUO  =th  +  <h 


(70 


where 


^/•r  1*/) 


liquations  (70)  represent  the  governing  dii'ferential  equations  lor  the  single  lap  joint.  It  will  he  noted  that  they  are 
nonlinear  e(.|iiations  since  the  plastic  c|uantitiesyV/^,.A//^,,  and  T/,  are  nonlinear  functions  of  the  dis]rhicements. 
llowevei.  as  the  equations  are  written,  the  portions  on  the  left  arc  linear  dilTercntial  equations  with  cimsiant  coeftr 
cienis  (/r,  are  constants).  Toe  portions  on  the  right  (r/,)  which  contain  the  plastic  portions  are  nonlinear,  liqua¬ 
tions  (70)  arc.  thus,  in  jiroper  form  for  an  iterative  solution  to  be  discussed  in  Section  II. ,S.  It  is  apparent  that  the 
equations  become  uncoupled  if  both  adherends  arc  identical;  i.c.,/?!  =/),i  =  0. 


From  Figure  la,  the  boundary  conditions  for  the  single  lap  joint  arc  developed  by  ret|uiring  that  the  stress 
resultants  in  the  upper  adherend  must  be  zero  at  .v  =  0  and  the  stress  resultants  in  the  lower  adherend  be  zero  at 
v  =  c: 


A',  =1/,  =  F,  =0  .v  =  0 

AF  =1/2  =  K2  =  0  at  .V  =  (■ 


By  substituting  Fq nations  ( 1 2 )  into  (72 ),  one  arrives  at  the  boundary  errnditions  in  terms  of  0  and  0  as 


00  =  -P 


<t>c=P 


'■)  "‘''2(»  '0 


,  P< 

0o=-- 

a 


Poose  bi  iiiid.iiy  conditions,  along  with  Lquations  (70)  and  the  constitutive  equations  ofSection  II. 2  .c,  are  the  gov¬ 
erning  equations  for  the  bonded  single  lap  joint. 


11..^.  DOUBLh  LAP  JOINT 


The  free  body  in  Figure  4  is  used  to  develop  the  governing  equations  for  the  bonded  double  lap  joint.  Since 
the  joint  is  assumed  to  be  symmetrical  about  the  midplane  of  adherend  2,  the  moment  M2  and  shear  vanish 

everywhere.  Equating  the  total  forces  and 


Ml  V|  pjj:  - - 


Adhcr«nd  1  N| 


- —  \M|  ♦  dM, 

a  o  o  o  * 


moments  on  adherends  I  and  2  to  zero  gives 
the  equilibrium  equations  as 


N|  t  dN| 


HI' 


Adhesive  t 


Adherend  2  N2 


}•  L. 


j-r-O  I 

-  +  27  =  {'  \ 


I’.  =  0 


r,  +-^-  =  o| 


Adheeive  t 


M2  =  0 


Adherend  1  Ni 


where  the  notation  is  as  delnied  previously  in 
accordance  with  Figures  i  and  4.  Subtracting 
Equations  (74a)  and  solving  for  r  yields 


r  =  -0 


FIGURE  4.  FREE  BODY  OF  AN  ELEMENT  OF 
INFINITESIMAL  LENGTH  OF  A  BONDED 
DOUBLE  LAP  JOINT 


0  =  A'i  -■ 


hHULMHW «« 


llu'  lu'iiii.il  slu’ss  is  given  by  llie  I'irsl  of  liquations  (74b)  as 


01 .  inirodueing  liquations  (74a)  and  (74c), 


a  =  —  0 


ii  I  A/a 


liquilibrinm  of  the  overall  joint  requires  that  (see  Fig.  lb) 


i\\ 

A',  + - 1>  =  0 


Solving  for  the  stress  resultants  from  Hquations  (74c).  (7b).  (7d).  and  (KO)  gives  the  stress  resultants  in  term  -  of  the 
utiknowti  runctions  0  and  0  as 

I 

A',  =--(/'  +  0) 


A',  =f -0 


One  now  proceeds  to  introduce  the  compatibility  and  constitutive  equations.  (6‘))  and  (.'^7).  in  a  manner  almost 
identical  to  that  followed  for  the  sitigle  lap  joint.  Noting  that,  by  .symmetry,  the  lateral  displacement  of  Adherend  2 
is  zero,  one  finds  the  governing  differential  equations  to  be: 

0'"'  f  />|  0  -  /ZnO  =  ^/i  +  ‘l" 

(S2) 

-  [hf>  +  P40  =<h  + 

where  now  the  i|uanlities  /;,■  and  r/,-  are  deluied  by 


(I  -r)/-D, 

r;/  I  2  t] 

Pi  -  “■( - 1 - + 

/  \/l,  /I2  4Z7, 


/£>,(! -v^) 


2(1  -iz')/D, 


ch  =--0p 


Hr'  lo.uli’i  will  note  ilie  obvious  similarity  between  these  equations  and  those  for  the  single  lap  joints.  In  fact,  by 
u'phu'ing  .\  2  with  :  with  A 112,  and  i/Di  with  zero,  and  dropping  the  ;c  —  c/2  term  (letting  7=  0,  which 

-iccounts  lor  the  shear  0)  in  Equations  (71 ),  one  arrives  at  Equation  (8.3).  Similarly,  one  may  deduce  Equations  (8 1 ) 
fioni  (12). 

Tlie  boundary  conditions  for  the  double  lap  are  also  only  slightly  different  from  those  for  the  single  lap.  Equa¬ 
tions  (72)  also  apply  to  the  double  lap,  but  the  equations  A/j  =  Fj  =  0  at  x  =  c  are  redundant  since  this  has  already 
been  used  as  a  symmetry  condition.  Hence,  two  additional  equations  are  required  at  jr  =  c.  By  symmetry  of  the 
joint  about  the  vertical  centerline  in  Figure  1 ,  the  shear  F,  must  be  zero  at  x  =  c.  It  is  now  assumed  that  M |  is  also 
zero  at  .v  =  c.  The  boundary  conditions  then  become,  by  Equations  (8 1 ), 


x  =  0 

X  =c 

00  ~ 

4'c=P 

(84) 

Pt, 

Ph 

o;  =  o  o;.  =  0 


The  solution  of  the  nonlinear  Equation  (82)  with  the  boundary  conditions  (84)  and  the  constitutive  equations  will 
be  discussed  in  Section  11.5. 


11.4.  STEP  LAP  JOINT 


Figure  Ic  shows  schematically  a  step  lap  bonded  joint  under  an  axial  tension. The  total  number  of  horizon¬ 
tal  sections  or  “treads”  i$R,  the  number  of  risers  being/?  +  I.  The  notation  remains  the  same  as  for  the  single  and 
double  lap,  except  that  it  now  becomes  necessary,  at  limes,  to  identify  the  particular  step  under  consideration  by  a 
subscripts.  For  example,  r  I is  the  thickness  of  the  upper  adherend  (adherend  I  in  Fig.  Ic)  at  the  sth  tread,  fhe 
subscript  r  will  be  r)miltcd  unless  it  is  necessary  for  clarity. 

The  derivation  of  the  governing  differential  equations  for  the  step  lap  follows  the  development  for  the  single 
lap  very  closely.  Using  the  free  body  in  Figure  2,  the  shear  stress  and  normal  stress  in  the  adhesive  are  found  as  in 
Equations  (2)  and  (5)  to  be 


T  = 


where 


and 


=  -Ni 


0  = 


1 

-0 


tt 


where 

0  =M,  +- - ~(N,  -Ni) 

4 


Equilibrium  of  the  overall  joint,  as  found  from  Figure  Ic,  requires  that 

At,  +Atj  -P  =  0 


(85) 


(86) 


(87) 


(88) 


(89) 
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A/,  -A/,  +-(A'i  -N-i) - (/,  -t2)  =  0 

2  4 


(90) 


Tlie  adherend  stress  resultants  are  found  in  terms  of  the  unknown  functions  0  and  0  by  solving  Equations  (86),  (88), 
(8^^).  and  (60)  simultaneously: 


I 

A'l  =-(P  +  0) 


M, 


1  r  ^  /i  1 

-  0  +-(/,  -/j)--0 

2  L  4  2  _ 


A':  =-(/’-«) 
1 


M2 


If/"  h  ' 

-  -/j)  +  -0 

2  L  4  2  J 


O' 


The  constitutive  and  compatibility  conditions,  (60)  and  (37)*,  are  now  introduced  in  a  manner  similar  to  that 
u.,ed  for  the  single  lap.  The  governing  differential  equation  is  found  to  be 


0""  +  PiO  -p2(t>  =  (h  +0'i 
<t>"  -P:t<l>  +  P4O  =(h  +74 


(92) 


in  which,  except  for  q  1  and  q^ ,  the  /;,•  and  qj  are  identical  to  those  listed  for  the  single  lap;  i.e.: 


Ff 


7i 


£ 


P\  = 


t{\-v^)\D,  D 


— +  — 


P2 


2/(  1  -  uM  \D,  D2 


h  h 


G  /  ]  I  /j  tl 


p - I - 1- - 1- - H - 

i\Ai  A2  4Z),  4D2 


Pa  = 


G  ( tx  h 


/(I  -n^) 


-/2 


2!  \Dx  D2  , 

I  \  2£  /A/ 


'P  I 


t(\  -P  )\  Dx  D2 


(93) 


72  =  -20p 


I 

A, 


1 

^2 


2Nxp 


2A^2p  ^iA/|p  ^f2A^2p 

/1 2  ^2 


74  2Tp 


*By  use  of  Equation  (37),  it  has  been  tacitly  assumed  that  the  adherends  are  symmetrical  at  each  step.  This  may  not 
be  the  typical  case  for  the  real  problem  but,  considering  the  other  assumptions  involved  in  this  analysis,  it  v/ill  be 
assumed  that  the  stretch/bending  coupling  induced  by  asymmetry  can  be  neglected. 


nu'  leader  is  reminded  that  Eqiration  (92)  applies  only  for  one  tread  of  the  step  lap,  and  that,  in  fact,  each  qiianlity 
shoidd  have  a  subscript  r  to  refer  it  to  the  r'th  tread. 


N\1ren  Equation  (92)  has  been  written  and  its  general  solution  found  for  each  of  the  R  treads,  the  individual 
solutions  must  be  connected  by  a  set  of  continuity  conditions  at  each  riser.  The  general  solution  of  Equations  (92) 
lor  each  tread  has  six  arbitrary  constants  or  a  total  of  6R  constants  if  there  are  R  steps.  Thus,  we  need  six  continuity 
conditions  at  each  intermediate  riser,  giving  6(R  —  1)  equations.  With  three  boundary  conditions  at  each  end  riser, 
there  are  bR  equations. 


The  continuity  and  boundary  conditions  will  now  be  derived  by  the  use  of  Figure  5  which  shows  a  segment  ol 
the  joint  at  riser  number  r.  The  length  of  the  segment,  5,  goes  to  zero  in  the  limit.  Tire  continuity  conditions  for  the 


|al 


Force*  on  Upper  Adherent!  at  r**’  f<i*er 


(b)  Displacement*  at  Pisf'r 


FIGURE  5.  FORCES  AND  DISPLACEMENTS  OFrth  RISER 


stress  resultants  are  obtained  by  satisfying  equilibrium  of  the  free  body  of  the  upper  adherend  in  Figure  .Sa.  Assum¬ 
ing  that  no  force  is  transmitted  by  the  adhesive  in  the  riser,  one  has 


(Mi)r-i 


Mtr  +  A'ir 

pir  (! 

(A'.lr-.  -A'lr  =  0 

- 

o 

11 

=  0 


(94a) 

(94b) 

(94c) 


where  now  the  subscripts  r  and  r  —  \  are  required  to  refer  to  a  particular  tread.  According  to  Figure  Ic,  the  quanti¬ 
ties  for  tread  r  -  1  are  evaluated  at  =br-i  and  for  tread  r  at  .x>  =  0. 

From  Figure  5b,  continuity  of  the  lateral  displacements  and  rotations  requires  that 


(l'l)r-i  =v,r 

(v?  )r-) 

=  V2r 

(95a) 

)/•-!  -V\i 

=  v'^r 

(95b) 

Continuity  of  longitudinal  displacements  is  satisfied  if 

/;  , 

lllf  -  (U\  )^.|  -f  ^  (V]  \-i 

(95c) 

h  , 

U2r~(lh)r-i 
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ih)r-]  ~(h)r-i  hr 


By  subtracting  Equations  ^95c),  we  obtain 


II  ^  ^ 

ll\r  ~  ^hr  ~  U<  1  )r-i  ~  Uh  )r-i  +  “  [(•'i  )r-\  V-i  ] 


Now,  from  Equation  (69a),  one  finds 


ll\i-  thr  ~  ^hr ’’’pr)  ^(hr^ir  hr^2r) 


and,  similarly,  for  tread  r  —  \ .  Introducing  Equation  (97)  for  treads  r  and  r  —  I  into  Equation  (96)  and  using 
Equation  (95b)  gives 


Gli  ,  ,  (>h  , 

'^r  '^pr  r  ^2r)  “  “f  (^/))r-i  |('''  )r-i  (^2  )r  l 


By  Equation  (69bE  this  becomes 


Gh(\—v^)  ,  ,  6/77(1— ,  , 

^7'  '^pr  ~  ~  ( i^r  "f  ^pr )  ~  ’’’r-i  "b  (fp  )/•  i  ^  \^r-\  (^p)r-\  \  ( 99 ) 


which  represents  the  continuity  equation  for  longitudinal  displacements.  The  continuity  equation  for  lateral  dis¬ 
placements  is  obtained  by  adding  Equations  (95a)  to  obtain: 


(v,);.-i  +(^2);.,,  =Vtr  +  V2r 


which,  by  Equation  (69b),  becomes 


Or  I  (Op)r  I  “  W/-  T  Op 


■Similarly,  the  equation  for  continuity  of  rotations  becomes 


o'r  1  +  (0//)/--l  =  0/  +  o' 


Jr  I  >  y^p 


Equations  (94a),  (94b),  (94c),  (99),  (101 ),  and  (102)  are  the  six  required  continuity  conditions  to  be  employed 
at  each  riser.  By  introducing  Equations  (85),  (87),  and  (91 )  and  the  definitions  of  r/,-  in  Equations  (9,?),  these  conti¬ 
nuity  conditions  become,  respectively. 


//  li 

Or-]  T  —  0^  I  -Or~~^r 


0,.  -  I  0;. 


O'r-]  =0'r 


iO‘i)r-\  "b  [^7--l  (72)r-ll  '74r  \0r  ^2r] 

2E  2t 


Or-i  1-72  )r-i  Or  Cl2r 


O'r'-]  -(q'2)r-y  =0';'-q'^r 


wlicie  again  the  subscript  r  —  1  refers  to  a  quantity  for  tread  r  —  1  evaluated  at  .v^-i  =  -  ‘>nd  the  subscript  r  to  a 

quantity  for  tread  r  evaluated  at  a',.  =  zero. 

Tlie  boundary  conditions  at  the  two  end  risers,  r  =  1  and  /■  =  /?  +  I ,  are  obtained  from  equilibrium  considera¬ 
tions.  At  the  first  riser,  one  has 


fV,,  =AfM  =Km  =0 

and.  at  the  R  +  1  riser, 

N^r  =Mir  =  V^R  =  0 

In  terms  of  0  and  0 ,  the  boundary  conditions  become,  respectively. 


(104) 


(105) 


.V,  =0 

XR  -  bp 

II 

1 

II 

p 

P 

0 1  ~  ~  (hi  ■“  3/)  1 ) 

4 

Or  -~(hR  -O'Izr) 
4 

0 

II 

Or  =0 

(106) 


where  the  second  sub-.cript  again  refers  to  the  tread  number.  The  solution  of  the  nonlinear  liquations  )  with  ihe 
compatibility  liquations  ( 1C.5),  boundary  conditions  (106).  and  constitutive  equations  for  the  step  lap  joint  will  be 
cliscus.scci  in  Section  11.5. 


11.5.  SOLUTION  TO  DlFFLRliNTI AL  EQUATIONS 

11. 5.  a.  General  Procedure 

Tlie  differential  equations  governing  the  behavior  of  single  lap  (70).  double  lap  (X2).  and  step  lap  (62)  bonded 
join's  are  all  of  the  same  general  form: 


O""  +  p^O  —  i>2't>  -  (l\  Tr/;’ 

- P3<>+  P4O  =(h  +'/j 


(107) 


where  the  /?,•  are  constants  and  'lie  arc  functions  of  the  applied  load  P.  the  plastic  stress  resultants  in  the  adherends 
and  the  pLastic  stresses  in  the  adhesive.  Tlie  quantities^/  and  r//  are  given  in  Sections  11.2,  II.3  and  II.4  for  each  of 
the  respective  joints.  It  is  apparent  that  this  set  of  equations  is  actually  two  nonlinear  coupled  differential  equations 
since  the  cp  are  nonlinear  functions  of  the  stress  resultants  and  stresses  and,  hence,  of  0and  0.  Tire  general  approach 
will  be  to  solve  this  set  of  nonlinear  equations  by  iteration.  Equation  ( 1 07)  is  written  as 

(0'"y  -\rp,0i -p^<t>i  =  +{q2V'' 


-  P3<p’  +  PiO’  =  q'2'  +  (q\)''' 


(108) 


where  /  refers  to  the  current  iteration.  Tlie  portions  on  the  left-hand  side  of  the  equations  are  linear  differential  equa¬ 
tions  with  constant  coefficients  for  which  a  solution  can  be  found.  Thus,  supposing  at  iteration/  we  have  the  r/,-  from 
the  previous  iteration  (/  -  1 ),  then  the  functions  0  and  0  for  the  current  iteration  /  are  obtained  by  solving 


I 


1  qu.itioiis  ( I  OS')  subject  to  tlie  boundary  (and  continuity  for  the  step  lap)  conditions.  Symbolically,  this  may  be 
niton  as 


<t>'  '  ,x) 


(109) 


With  these  functions  of  0  and  0,  the  adhesive  stresses  and  adherend  stress  resultants  may  be  obtain ’d  by  equations 
presented  in  Section  11.2, 11.3,  or  11.4,  e.g..  Equations  (2),  (.“i),  and  ( 1 2): 


t’  =  W(0^) 
a'  =  oHO') 
n{  =  N{(0'  ,<t>'  ,x) 

Mi=M{{0'  .<t>>  .X) 


(110) 


where  /  refers  to  the  adherend  miniber.  Using  these  new  values  of  the  stres.ses  and  llie  previous  values  of  the  plastic 
sires.scs  (contained  'it  q\  ' ).  the  pertinent  strains  can  be  computed  by  the  constitutive  equations  of  Section  11.2,  e.g.. 
Equation  (20).  Tnese  strains  are  then  employed  to  compute  new  values  of  the  plastic  stress,  e.g.,  by  Equation  ( 2S). 
and,  hence,  new  values  ofr/,-: 


q\  =  q{(T' .  0^,  N\ , J\x)  (111) 

'litis  completes  iteration /.  Tlie  solution  process  now  returns  to  Equation  (109)  to  begin  iteration /  +  I .  Iteration 
continues  until  there  is  an  insignificant  change  in  the  plastic  stresses.  Tnis  solution  will  be  discussed  in  more  detail 
in  the  remainder  of  this  section. 


ll.-'l.b.  Homogeneous  Solution 


fhe  homogeneous  equation  corresponding  to  Equations  ( 107)  is 

0""  +  P\0  =  0 

0"  -/;,0  E/rjd  =  0 


(112) 


The  superscript  j's  liave  been  eliminated  here  as  well  as  in  the  following  developments  since  they  are  not  needed  for 
clarity.  The  reader  should  remember,  however,  that  the  solution  is  not  in  closed  fitrni  and  that  an  iterative  proce¬ 
dure  is  involved.  Following  the  standard  procedure  for  the  solution  of  linear  differential  equations  with  constant 
coefficients,  one  assumes  a  solution  of  the  form 


0  =  C, 

0  =C2C^'' 


(113) 


Substituting  Equations  ( 1 13)  into  (1 12)  and  setting  the  determinate  of  the  coefficients  C,  and  CT  equal  to  zero,  one 
finds  the  characteristic  equation  for  p  to  be 

+Pi  r-PiP3  +P2PA  =0  (114) 


where 


r  =  p" 


(113) 
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I  qiuiiion  ( 1 14)  has  one  real,  positive  root,  Pj ,  which  can  be  found  numerically.  (Note  that  for  equal  adherends  in 
the  single  lap./);  =/)4  =  0,  and  the  real,  positive  root  is  give ’by  Pi  =P3.)* 

P,  =  real,  positive  root  of  Equation  ( 1 14)  (1161 


Pien  the  other  two  roots  are  the  complex  conjugates: 

Pj.rj  =r. 

where 


Pi/Jj  -PtP4  _  /  Pi  "P-rV 
I't  \  ^  /. 

/=V=1 


(117) 


(118) 


Tire  complete  set  of  six  roots  for  p  can  now  be  written  using  Equations  ( 1 1  .S )  and  (1  1 7)  as 

p,  =  X 

Pa  =  X 

p.,  =  a  +  ifi 

, :  Pt) 

P.i  =  a  /(3 

Ps  =a  -10 


P6  =  0(  +  10 


where 


X  =  \/r7 


P2_ 

_ij.+ 

fPtP3  -P2PA 

1  2 

_4 

4 

^  41-,  J 

-| 

I  2 

(i:o) 

-'-^  + 

/PlP.l  -P2P A 

_4 

4 

^  4P, 

♦Equation  (114)  will  have  one  real  root  and  two  complex  conjugate  roots  if 

27plpl  +4p?  +4pl(PiPi  -P2P4) +PiP3(8piP3  -36p2/;4)>0 
'Iliis  will  generally  be  true  since piPs  >P2P^. 
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nie  homogeneous  colution  to  Equation  (112)  can,  thus,  be  written  in  matrix  notation  as 

{C,} 

0  =  {fix))  T  {G} 

in  which 


and  the  arbitrar>  consiants  are 


Onl\’  six  of  the  twelve  consiants  Cj,  and  ('i,  are  arbitrarj  ;  the  olhei  six  are  determined  b>  subsiitution  into  1 
lion  (112).  After  some  lengthy  algebraic  manipulations,  one  obtains: 

{c\)  {c) 

{G}  =1GI  {c] 


where  {c}  is  another  vector  of  arbitrary  constants  and 


0  0 


0  0 


0  0 


1  0 


0  0 


0  1 


0  0 


0  0 


1  0 


0  0 


in  vvliicli 


P.  +X‘' 


-(a^  -|3^  -P3)P4 


(a^  -P^  -P3f  +4cc^P^ 


^  ^ _ -2aPp4 _ 


Subslituling  Equations  ( I  24)  into  Equation  (121)  gives  the  homogeneous  solution  as 


<t>=  (/}^  [T’.l  {C} 


0=  [fV  [It]  {C) 


It  will  be  convenient,  for  computation  purposes,  to  determine  the  derivatives  of  (/}  ^  as 


{/')  ^  =  Id] 


where 


0  0 


b  -A  0  0 


b  0 


bo  -pa 


b  0 


0  0  —a  P 


b  0 


0  0  -|3 


Tlte  reader  will  note  that,  for  the  special  case  of  equal  adherends  in  the  single  lap,  one  has 


Special  Case-Equal  Adherends  in  a  Single  Lap 


P2  =  Pa  =  0 


Ti  -  Pa 


A=\/^ 


J 


5,  =5j  =6,  =0 


and,  hence,  ilie  lunnogentous  dilTerenlial  cqiuitions  uncouple. 


11. .Vc.  General  Solution 

The  general  .solution  (homogeneous  plus  particular)  to  Equations  (107)  will  be  obtained  by  the  method  of  vari¬ 
ation  of  parameters. According  to  this  method,  one  supposes  that  the  arbitrary  constants  (g)  in  the  homogenous 
solution  [Equation  (1 27)1  ate  functions  of. v;  i.e.. 


0=  (/(v)} iT'il  (ax)} 
0  =  {fix)}  1 7a  I  {C(.r)} 


(1.^0) 


Successive  differentiation:,  ol' Equations  ( 1.^0)  ate  made  and  conditions  employed  on  these  derivatives  to  ensure  satis¬ 
faction  of  the  differential  Ec|iiations  (107): 


0'=  I  {c}  {C) 

Condition!:  {f}'  [ril  {C)  =(/4 

0'=  jral  (c)  +  {f}'’  |7'aj  {C'} 

Condition  2:  {f}''  [T’a]  IC'}  =0 
0"=  {/")■'■  17",  I  (C}+  17-,  I  {C')+<i', 

Condition  ,f:  \/'}^  jr,]  {C'}  =q^ 
0"-  {.("}  1 7-,  I  {r}  +  {/■')  ■'  |7'a!  (C) 

Condition  4:  {f}^  [T’al  (C’’}  =f/2 
0"'=  {/"')  '''  17a  I  {r}  +  {f")''  |7  2|  {("}  +r/; 

Conditions:  {f")  '  |7a|  (C')  =0 
0""=  \7\  \  [C]  +  {f"')'‘' \r,\  {(•’}  +r/'a 

Conditionb:  {/'")'^|7’a|  {C'}  =f/i 


(l.'l ) 


In  summary,  the  six  conditions  on  {C) 


arc 


|//(.v)|  (r'(.v)}  =  {r/(.v)} 


(l.s2) 
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m 


Iff 


pi- 

rf'i 


m 


m 


[M.  ,m|,Uflll»JBAmJ!Jil)Bf^ 


BippiiiBppiiii;iiiiiiiiiiiiiiiijii.iii,j|i,,jimiiitii;i'yiwiMpiiiiH^^ 


W'lU'IO 


rq4^ 


{^/(■v)}  =/ 


0 

q3 

Qi 

0 

Qi 


and  |/((.v)]  is  tlie  o  X  6  niairix 


|/'(.v)l  =< 


({lV\TA  ^ 

[f]''  1 7, 1 
{/'}  '''  IT-,  I 
{/'}  '''  17-2  1 
in  '^|7-2l 


■  ^  [Til 


Solving  l'(ir  {C(.y)}  froni  Liqualion  ( I32)gives 


(a.v)}  =  {C'o}  +f  (/((.-)]  ■'  {^/(r)}dr 
0 


(1 


(1 


where  Co  is  a  veelor  of  arbitrary  c(-nslanls  and  y  is  a  variable  of  integration.  (It  Ls  a  consequence  of  this  appli 
tion  of  the  method  of  variation  of  parameters  that  it  is  not  necessary  to  evaluate  derivatives  ofr/2  and  r/4  .)  Thus, 
the  complete  general  solution  is  given  by  Equations  (130)  and  ( 135); 


A 

0  =  {/(v)}  ^  17-,  ]  ({Co  }  +  f  |/(0’))  ■'  {qiv)}dy) 


(I 


A 

=  {/Iv)}  ^  [7-2 ]  ({Co  }  +/  |/t(v)!  ■'  )dt-) 


0 


The  reader  can  satisfy  himself  that  Equation  (136)  indeed  satisfies  Equation  (107)  by  substitution  and  use  of  the 
conditions  (131). 
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littiUttiifiiiiBiB 


and  I//]  is  the  6  X  6  matrix 


{m)  ^  ir,] 
(/(O)}^  ir,i 
\n] 

iAc)}^  \T,] 
{Ac)}  \T^] 

{f'(c))  \TA 


By  substituting  Equation  (138)  into  (136),  one  obtains  the  particular  solution  of  Equations  (107). 
matrix  (F)  by 


\F{x)]  =  |/;(x)]  |//1 


this  solution  can  be  written  as 


where 


0  0  0  0 
10  0  0 


IH.v)]  ((0o}  +  {<t>p)x))) 


r  X  ^ 

f  Q\iy)dy 

0 


f  Qi)y)'^y 
0 


f  Q  Ay)  ^y 

0 


.V 

f  Q Ay)  ci.i’ 

(• 


.V 

/C?s(v)dv 

C 


X 

f  QAv)'^y 

C 


and  the  quantities  QiA)  are  elements  of  the  vector  (QO')}  • 


{(20')}  =  1^0')]  '  {q(y)} 
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(140) 

By  defining  the 

(141) 

(142) 


(143) 


(144) 


• 


llio  inu'pials  in  {<>,,(.v)}  will  be  evaluated  numerically  by  a  standard  IBM  integration  subroutine.  The  adhesive 
nIumi  .ind  normal  stresses  are  obtained  as  derivatives  of0  and  0,e.g.,  Equations  (2)  and  (5).  Using  the  conditions  in 
I  qu.ition  (l.U),  the  complete  solution  can  be  summarized  as 


r 

^0'' 

0 

0 

2r 

O' 

^-lF(.v)]  ^(0o}  +  {0p(x)})  +< 

\ 

0  ' 

2a 

07 

.2a: 

Tlie  application  of  these  equations  to  the  solution  of  the  joint  problems  will  be  discussed  in  Section  ll.S.e. 
I1.5.d.(  1 )  Single  Lap  Joint 


Equation  ( 1451  applies  directly  to  the  single  lap  joint  with  the  quantities  p,  and  r/,  appropriately  defined  as  in 
Section  II. 2.a.  From  Equation  (7.2),  the  vector  |0o}  is  given  by: 

1  ^ 


.5.d.( 2)  Double  Lap  Joint 


r 


I  ct 


{00}  -p{ 


1  (7 

I  7"'^ 


(14(-. 


J 


For  the  double  lap  joint.  Equation  ( 145)  is  used  in  conjunction  with  the  boundary  condition  vector 


I'or  tlie  slep  lap  joint,  Equation  (145)  applies  to  each  of  the/?  treads.  The  continuity  conditions  |Hqua- 
tion  ( lO.i))  which  are  to  be  applied  at  each  intermediate  riser,  r,  can  be  written  by  employing  Equation  ( 145)  as: 


l^r-i  1  |f'r-i  1  )1  f(0o}r-l  {0p(b/--i )  ) /-l]  "  [^r(O)]  |](0o}  r  (0pfO)}r] 


where 


(148) 


10  0  0  0 


0 


h 

2 


0  0  0  0 


{Rr-^\  = 


0 


0 


0  0 


/(6’(1  -n^) 
2H 


0  0  0  10 
0  0  0  0  1 
0  0  0  0  0 


0 

0 


1.^.1  = 


1  0  0  0  0 

ll 

--  1  0  0  0 

0  0  10  0 

0  0  0  10 
0  0  0  0  1 


-h(;(  \  -v^) 


It: 

0 

0 
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0  0  0  0  0 


This  provides  a  set  of  6{R  —  1 )  equations  for  determining  the  six  elements  in  the  R  vectors  ^(>o}  r-  The  additional 
six  equations  are  obtained  from  the  boundary  conditions  in  Equation  (106)  which  specify  <),  0 .  and  O'  at  the  end 
risers. 


ll.5.e.  Iteration  Procedure 

Tlie  iteration  procedure  which  will  be  used  to  solve  the  system  of  nonlinear  equations  was  outlined  brietly  in 
Section  11.5.a.  A  more  detailed  description  is  given  here.  The  computer  program  which  performs  the  calculations 
is  organized  along  these  lines.  Tlie  process  given  on  the  following  page  refers  specifically  to  the  single  lap  solution. 
Tlie  double  lap  solution  is  almost  identical.  Comments  regarding  the  step  lap  solution  are  enclosed  in  parenthesis. 


I  \'  ll'I'UI  j'.U.tnKMOIS 


(It  (.'leoiiuMiA' (Steps). 

C)  Loads. 

(.' )  Material  constants. 

(4)  Laminate  lay np. 

(B)  Compute  appropriate  constants: 

( 1 )  Adlierend  stiffnesses  [Eq.  (60)] . 

(2)  Differential  equation  constants p,[I:q.  (71)]. 

(.^)  Characteristic  roots  (Eq.  ( 1  19)] . 

(4)  Coupling  coefneients  (Eq.(l26)]. 

(This  is  done  for  each  tread  of  the  step  lap.) 

(C)  Subdivide  the  joint  into  a  number  of  stations  and  set  up  the  (/•Tar)]  and  (Ffa:)]  '  matrix  at  each  station: 

(1)  Setup  {fix))  at  each  station  (Eq.  (1 22)] . 

(2)  Compute  the  derivatives  at  each  station  |Eq.(128)]. 

(})  Set  up  |/((.v)]  at  each  station  (Eq.  (134)]. 

(4)  Set  up  (//(  (Eq.(MO)]  and  invert. 

(5)  Obtain  (/Tv)]  at  each  station  (Eq.(14l )] . 

(ti)  Invert  (/’(.v)]  at  each  station. 

(This  is  done  for  each  tread  of  the  step  lap.) 

(Dl  Set  up  the  boundary  condition  vector  (Eq.(146)): 

(For  the  step  lap,  set  up  the  continuity  condition  matrix  at  each  of  the  intermediate  risers  (Eq.  (148)] .  Invert 
the  coefficient  matrix.  Introduce  the  boundary  conditions  (Eq.  (106)] .) 

(E)  Initialize  all  iteration  quantities-plastic  stresses,  plastic  stress  resultants,  equivalent  plastic  strain, d// coeffi¬ 
cients,  and  Vp. 

(1- )  Compute  the  particular  integrals  in  the  differential  equation  solution: 

( 1 )  Compute  the  r/,-  at  each  station  (Eq.  (71 )] . 

(2)  Lind  the  vector  {(2}  at  each  station  (Eq.  (144)] . 
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(-M  by  numerical  integration,  obtain  the  particular  integrals  {(pp)  |tq.  ( l4.t)'l .  Ibis  integration  is  per- 
lormed  by  the  QSF  subroutine  which  is  based  on  Simpson’s  rule  together  with  Newton’s  3/8  rule  (see 
hsTiiig  loi  JetaiN’J.  T.uiii-aiiuii  ti.oi  isoi'uiJci  /i',  whcie^i  is  liit  JisTarii,fc  bfctwtcr.  stations. 

(Tliis  is  done  for  each  tread  of  the  step  lap.) 

((i)  (rimputc  the  adhesive  stresses  and  aJh.rei  j  stress  nsultar.ls  (Fqs.  (145)  atid  (Id)]; 

(For  the  step  lap,  insert  the  computed  |0p}  r  tnlo  Ihe  continuity  conditions  [Eq.  (148)] .  By  matrix  multipli- 
-•rtmr.,<Tl,lttifi  tJt«  uttlrtiv -A-  ’  i  i  th.; F  i.^^]  N.  (r  I’l'iMt  llw  fu.  fflrii  ul 

matrix  was  inverted  in  Step  (D).) 

(H)  Find  new  values  of  the  plastic  stresses  and  stress  result  ■  is  at  each  station: 

Adhesive  Plastic  Stresses 


(1) 

(2) 

(3) 

(4) 

(5) 


Obtain  the  adhesive  strains  using  the  previous  plastic  stresses  |Eq.  (20)] . 

Compute  the  equivalent  strain  using  the  previous  Vp  [Eq.  (26)] . 

Using  (he  constant  strain  melhod^’\  determine  the  equivalent  stress  [Eq.  (1 7)]  and,  hence,  the  new  h\ 
and  y,,  lEqs.(2l)and  (22)]. 

Determine  the  new  plastic  stresses  |Eq.(28)] . 

Ct/inpute  the  iteration  error  as 


e  =  Max  ■ 


0  0 


a 

Adherend  Plasti c  Stress  Resultants 

(1 )  Obtain  the  strain  in  each  layer  using  the  previous  plastic  stress  resultants  ]Eqs.  (32)  and  (33)] .  For  an 
orlhotropic  adherend,  transform  the  strain  to  the  principal  material  directions  [Eq.  ('19)] . 

(2)  Compute  the  equivalent  strain  using  the  previous )3,y  [Eq.  (53)] . 

(3)  Using  the  constant  strain  method,  determine  the  equivalent  stress  [Eq.  (40)]  and,  hence,  new  a,y 
[Eq.(46)]. 

(4)  Determine  the  secant  compliance  and  stiffness  elements  [Eqs.  (50)  and  (52)] . 

(5)  Compute  the  stresses  in  this  layer  [Eq.  (51)] . 

(6)  Compute  new  values  for  /3/y  [Eq.  (54)] . 


(7)  Find  the  plastic  stresses  [Eq.  (56)] .  For  orthotropic  materials,  transform  plastic  stresses  to  the  joint 
plane  [Eq.  (57)] . 


Compute  the  iteration 
c  -  Max  — - ^ — 


error  as 


Np^O 


(9)  Determine  the  plastic  stress  resultants  [Eq.  (62)] . 

(I)  If  the  maximum  error  is  greater  than  prescribed,  return  to  Step  (F)  and  continue  iteration.  Otherwise,  iteration 
IS  complete  and  the  current  stresses  are  the  final  values  for  the  prescribed  load. 
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DISCRETE  ELEMENT  ANALYSIS  (DEVELOPMENT) 


lll.l.  GENERAL 

To  solve  tlie  nonlinear  composite  joint  problem  by  the  discrete  element  method,  several  assumptions  are  made: 


( 1 )  The  joint  is  assumed  to  be  in  a  state  of  plane  strain  in  the  x-y  plane  (see  Fig.  1 ).  This  assumption,  nr  that 
of  plane  stiess,  is  a  practical  necessity  if  any  real  problem  is  to  be  worked  with  a  reasonable  computer  cost. 
A  three-dimensional  analysis  is  theoretically  possible  but  the  number  of  nodal  points  increases  so  rapidly 
that  external  storage  devices,  with  a  significant  increase  in  cost,  would  have  to  be  used  with  the  digital  com¬ 
puter.  It  is  felt  that  the  plane  strain  assumption  more  clo.sely  approximates  the  conditions  along  the  cen¬ 
terline  of  the  joint  than  the  plane  stress  assumption. 


(2)  The  adiiesive  is  assumed  to  be  an  isotropic  material  which  obeys  the  Von  Mises  yield  condition  and  the 
associated  flow  rule.  The  composite  material  is  assumed  to  be  orthotropic  with  transverse  isotropy,  i.e., 
isotropic  in  a  plane  perpendicular  to  the  fibers.  Superposition  of  plastic  strains  is  assumed  valid  so  that, 
for  example,  the  plastic  strain  in  the  t  direction  resulting  from  a  ,'tress  in  the  C  direction  is  independent 
of  the  other  stress  levels. 


(3)  Deformation  theory  of  plasticity  is  assumed  valid. 

111.2.  CONSTITUTIVE  EQUATIONS 

111.2. a.  Isotiopic  Material,  Plane  Strain 


The  adhesive  material  is  considered  to  be  an  isotropic  materia!  in  a  stale  of  plane  strain  in  the  .v-r  plane.  Stres¬ 
ses  and  strains  in  the  adhesive  are  represented  by 


{«.v}  ^  = 

{Ox 

0,.  0; 

{Cv)  = 

{Ox 

Oy  Jxy } 

where  .c  —  v  is  the  longitudinal  cross-section  plane  of  the  joint  so  that  Cj  -Izv  ~  7.x:  ~  0  t*’’'  plane  strain.  One  can 
write  the  total  strains  iCv}  as  the  sum  of  the  elastic  and  plastic  strains,  i.e.. 


{fx)  =  {Cv}  ,+  {Cv} 


It  will  be  noted  that,  in  order  to  write  ( 1 5  1 ),  e- ,  the  strain  perpendicular  to  the  longitudinal  cross-section  plane  of 
the  joint,  must  be  included.  Thus, 


{e.vj  (,  ~  ^ye  ^ze  7xze  7zye  T.v.veJ 

and,  similarly,  for  J.  Therefore,  though  the  total  strains  vanish 

er  =  T.vz  =  7zy  =  0 

for  plane  strain,  this  does  not  imply  that  the  elastic  and  plastic  strains,  separately,  vanish 

^ze  ~  Ixze  ~  7zye  “  ®  ) 

\  NOT  TRUE 

^zp  ~  Ixzp  ~  7zyp  ”  ) 


NOT  TRUE 


\  o\  tho  isotropic  material,  since  there  is  nr  shear  coupling,  it  happens  (hat  the  elastic  and  plastic  shear  strains  are 
.•CIO,  although  C;,.  and  e^p  are,  in  general,  not  zero.  For  the  orthotropic  material  which  has  shear  coupling,  the  elas¬ 
tic  and  plastic  shear  strains  will  not,  in  general,  be  zero. 

By  Hooke’s  law,  the  stresses  can  be  found  as 

{Ox}  =  [C]  {Ox}  ,  (154) 

in  which 


where  £  and  i>  are  the  elastic  modulus  and  Poisson’s  ratio,  respectively.  The  material  is  asmmed  to  obey  the  Von  Mises 
yield  condition.  By  the  deformation  theory  of  plasticity. 


in  which 


where 


Symmetric 


0  0  0 


0 

3 


(155) 


0=  |^((a;,-a2)^  f  +(a^-ax)^] +3(rJz  +  r|^, -hrj,,]  j''"' 

is  the  effective  stress  and  Cp  is  the  effective  plastic  strain  which  may  be  found  from  the  material  stress-strain  curve  in 
uniaxial  stress.  If  the  Ramberg-Osgood  law*^l  is  used  to  approximate  the  stress-strain  curve,  one  has 


Oo  =  secant  yield  stress  (stress  at  which  the  secant  modulus  =  0.7£) 


n  =  shape  factor  =  1  + 


where 


0,  =  stress  at  secant  modulus  at  0.85/;' 

According  to  the  constant  strain  method*^\  the  effective  plastic  strain  Cp  for  a  given  total  effective  strain  c  can  be 
found  from  liquation  ( 1 56)  if  it  is  rewritten  as 


The  above  expressions  could  be  simplified  sliglitly  by  eliminating  the  elastic  and  plastic  shearing  strains  yxz  and  7z  ,■ 
since  this  is  an  isotropic  material.  However,  in  order  to  ;ep  the  development  parallel  to  the  orihotropic  case,  they 
arc  included. 


lll.d.b.  Orthotropic  Material,  Plane  Strain 

One  ply  (or  lamina)  c'f  the  adherend  composite 
material.  Figure  6,  is  assumed  to  be  ortholropic.  The 
principal  material  directions  arc  1-l-y  where  t!  is  paral¬ 
lel  to  the  fiber  direction.  Stress  and  strains  in  the 
principal  material  directions  arc 


Q 

rz. 

II 

A’f  T/y 

{ec }  ^  { cc  0  Cy 

(158) 

7iir  7/y  7vc} 

Tire  composite  is  assumed  to  he  isotropic  in  tire  ,'-v 
plane. 

Separating  the  total  strain  into  its  elastic  and 
plastic  components,  one  can  write 

{6e}  =  {e,),+  {e,)^  (159) 

Using  Hooke’s  law,  one  obtains  the  stiesses  as 

{oc}  -  [Cl  {ec}  ,  (160) 


Not^'  Hight^fUnd  Coordinate 


5v*«*»o  fi't"  V 
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FIGURE  6.  ORTHOTROPIC  LAMINA  COORDINATES 
8,  t.y  AND  STRESS-STRAIN  CURVES  FROM  UNI¬ 
AXIAL  TEST  IN  PRINCIPAL  DIRECTIONS 
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All  the  £/  values  are  lamina  elastic  constants  (some  negative)  which  are  obtained  as  the  initial  slope  ol'  the  /th  curve 
in  Figure  6. 


According  to  assumption  (2)  in  Section  111.1,  it  is  assumed  that  the  plastic  strains  can  be  found  by  superposi¬ 
tion,  e.g.: 


where  is  the  longitudinal  plastic  strain  corresponding  to  the  stress  o,  as  found  from  the  simple  uniaxial  test.  Let 


the  stress-strain  relations  from  uniaxial  tests  of  a  typical  lamina  be  as  given  in  Figure  6.  Each  of  the  seven  curves  car 
be  approximated  by  a  Ramberg-Osgood  relation  of  the  form 


_  a  3ao,-  /  0  V’i 
7/f/  \uoij 


where  e  and  a  are  the  appropriate  stress  and  strain  for  each  curve,/;/  is  the  initial  s:  rpe  of  the  curve,  Oq,-  and  «/  are 
the  quantities  corresponding  to  those  given  in  Equation  ( 156)  and  i  refers  to  the  curve  number  as  given  in  Figure  6. 
Tire  plastic  strains  can  now  be  written  as* 


‘>01  /  \  ^  \  ^  '  4  ^  ' 
Wi/  t-<  \00)/  r.i\a„i/ 

‘ifil  /  +"04  y*  ^  »0»/Ov  v"’ 

\^07/  ^4  \O04  /  l-i  \"o*/ 

I  /  *'i  \  ^  ‘^01  /  \  *  -f  (  ^\  * 

^  X^Ol  I  YOiJ  ^4  \Po*/ 

7\ 

fC4  /[I'Y** 
tf  \oot/ 

opfl  /v^Y* 

*.^6  V®v  ■' 


*Tlie  plasticity  theory  used  here  for  orthotropic  materials  isdiffeient  than  that  employed  in  the  theoretical  method; 
The  “best”  theory  has  not  yet  been  established  by  experiments.  As  the  results  from  the  two  theories  show  (see  tlie 
following  section),  the  difference  is  insignificant. 


n\o  iiaiisloiniaiion  relating  lire  plane  strain  strains  in  tiie.v-;'  plane  to  the  strains  in  the  principal  material  direc- 
'lon-;  V-M'  can  ho  written  as 

{et}=\T]  {e,.}  (163) 

whore  and  are  given  in  Equations  (1 53)  and  ( 1 50),  respectively ,  and  [7]  is  a  6  X  3  matrix: 

cos^  \p  0  0 

sin^i/r  0  0 

0  1  0 

17]  = 

—  2  sin  4j  cos  ij/  0  0 

0  0  -sin  tp 

_  0  0  cos  \J/_ 

in  which  i|/  is  the  angle  of  fiber  orientation  as  shown  in  Figure  6. 

1 1 1.3.  ELEMENT  STIFFNESS  MATRIX  AND  PLASTIC  FORCES 

After  the  constitutive  equations  have  been  defined  in  the  above  manner,  the  solution  of  the  discrete  element 
problem  follows  very  closely  the  procedure  outlined  for  ELPLAN*‘*\  a  computer  program  for  the  inelastic  analysis 
of  plane  stress  problems.  A  typical  finite  element  is  taken  to  be  a  triangle  in  the  longitudinal  cross-section  plane  of 
the  joint  (.v-y  plane)  with  a  unit  thickness.  Figure  7.  Tire  following  expressions  are  obtained  for  the  element  stiffness 

,  matrix  [/: I  and  the  plastic  nodal  forces  {fp}  for  the  compos- 

)  ite  material: 


FIGURE  7.  PLANE  STRAIN  DISCRETE 
ELEMENT  USED  FOR  NONLINEAR 
JOINT  ANALYSIS 


\k]  =/I]/i]^]7]^]C]]7]  \B] 

(164) 

{fp)  -\D]  {e.)p 

(165) 

\D\  =A\B]^\T]'^\C] 

(166) 

in  which  17]  is  given  in  Equatirm  (163),  [C]  in  Equation  (160), 
{es}  p  in  Equation  ( 162)  and  A  is  the  element  area  in  the  .v->’ 
plane.  The  matrix  ]R]  relates  the  element  strains  to  the  nodal 
displacements  {A]  i.e., 

(e.v}  =[5]  K}  (167) 

Tire  stresses  in  a  composite  element  in  the  principal  material 
directions  are 

(ae)  =(C](]7]]/i]  (JY}  -  (ec}p)  (168) 

The  above  expressions  apply  also  to  the  isotropic  adhesive 
material  although  they  can  be  slightly  simplified.  For  program¬ 
ming  purposes,  it  is  convenient  to  use  the  same  algorithm  for 
the  isotropic  and  orthotropic  materials.  In  this  regard.  Equa¬ 
tions  (164),  f  165),  (166),  (167),  and  (168)  are  valid  for  the 
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■ullu'sivo  it  ij/  is  taken  equal  to  zero  in  [T],  Then  [C]  is  found  in  Equation  (154),  and  Equation  (155)  is 
used  tor  the  plastic  strains. 

Idle  solution  ol  the  discrete  element  problem  proceeds,  according  to  deformation  theory,  in  the  following 
manner: 

( 1 )  Formulate  the  structural  stiffness  matrix  [A.']  by  assembling  the  element  stiffness  matiices  in  ( 164)  and 
the  applied  nodal  load  matrix  {f}  as  specified  by  the  loading. 

(2)  Perform  an  elastic  analysis  with  the  current  values  of  (Fp)  to  obtain  the  nodal  displacements  {X}  : 

+  {Fp}  =  fA1  (A) 

For  the  initial  iteration,  {Fp)  =  {o}  . 

(3)  Calculate  the  stresses  via  Equation  (168)  with  the  current  values  of  {cc}  (ce  }  ^  “  0  for  the  first 
iteration. 

(4)  Calculate  the  new  plastic  strains  via  Equation  (I62)  for  the  composite  or  (1 55),  ( 1 56),  and  ( 1 57)  for  the 
adhesive. 

(5)  Consider  the  new  plastic  strains  as  initial  strains  and  compute  new  values  of  the  element  plastic  forces 
{fp}  by  Equation  ( 165).  Assemble  the  element  plastic  forces  into  the  structural  plastic  forces  { Fp)  . 

(6)  If  the  maximum  change  in  plastic  strain  from  the  previous  iteration  is  sufficiently  small,  the  solution  is 
complete.  If  not,  return  to  Step  2. 

This  process  was  incorporated  into  ELPLAN.  The  application  of  the  resulting  program  is  discussed  in  a  later 
section. 
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IV,  1 .  JOINT  CONFIGUllATIONS  AND  MATERIAL  PROPERTIES 

In  order  to  compare  the  theoretical  and  discrete  element  analysis  methods,  the  three  particular  joint  config¬ 
urations  shown  in  Figure  8,  i.e.,  single  lap,  double  lap,  and  step  lap,  were  analyzed  by  both  methods.  The 
Narmco  SSO.*!  Boron/Epoxy  System  was  taken  as  the  adherend  and  .\F-126-2  as  the  adhesive.  The  adherend  was  a 


CD  I  0/90/0  I  s 

'•?????/  Z| 


10/90/0], 


0 


TABLE  1. 

MATERIAL  CONSTANTS  FOR  RAMBERG- 
OSGOOD  APPROXIMATION 


(a)  Sirif^lu  Lap 
6.  iS 


0  |0/90/Ols 


1(0/90)^013 


0 


0  10/90/01, 


(b)  Double  Lap 
h. 


I0/90/O|c 


© 


0  (0/90/61, 


3- 


A  dhcsive  (Al'’- 126-2) 

G  (ksi) 

T„  (ksi) 

n 

T  VS  7 

175 

_ 

3.32 

2.684 

Adherend  (Narmco  5505) 

Curve  (/')  of  cigure  6 

(ksi) 

Ooi  (ksi) 

"/ 

1  Of  vs  Cf 

29,600 

3 '2.7 

4.463 

2  Of  vs  e,  (ej,) 

1  30,000 

285.5 

5.129 

3  a,(0y)\s,€^ 

1  30,000 

285.5 

5.129 

4  0,  (o^)vse,{e;,) 

2,750 

;  1 .9 1 

2.541 

•5  o,(Oy)\%ey(e,) 

8.870 

10.52 

3.350 

6  Tf,  (Tfj,)  VS7Cl 

933 

7.95 

2.991 

7  T,^VS7,^ 

19! 

68.44 

2.031 

|c)  Si<‘p  Lap 

FIGURE  8.  JOINT  CONFIGURATIONS  FOR 
COMPARISON  OF  ANALYSIS  METHODS 

five-ply  laminate  (nominal  ply  thickness  0.0032  in.)  with  O”.  ‘>0°.  0°.  00°.  0°  orientations,  except  lor  the  inner 
laminate  of  the  double  lap  which  had  nine  plies  with  0/‘)0  orientations.  In  each  case,  the  joint  length,  c,  was  0.75 
in.,  and  the  total  length,  a,  was  (i.2.‘i  inches.  The  adhesive  thickness  was  0.005  inch. 

The  material  properties  used  in  the  Ramberg-Osgood  approximation  |Eq.  (15f))|  of  the  adhesive  shear  stress- 
strain  curve  are  shown  in  Table  1.  Poisson’s  ratio  of  the  adhesive  was  taken  as  0.3.  The  material  constants  for 
the  characterization  of  a  typical  lamina  of  an  adherend  are  also  given  in  Table  1.  They  represent  the  Ramberg-Osgood 
constants  in  Equation  (161)  for  the  uniaxial  stress-strain  curves  in  Figure  6.  The  stress-strain  curve  for  AF-1 26-2  was 
not  a  /ailable  at  the  time  of  the  comparison,  but  those  values  shown  in  Table  I  were  thought  to  be  appropriate.*^^ 
More  recent  woik  shows  that  the  shear  modulus  is  about  80  ksi*^^  instead  of  the  175  ksi  value  shown  in  Table  1  and 
used  in  the  analysis.  .Since  consistent  material  properties  were  used  in  both  analysis  methods,  the  results  of  the 
compari.son  study  will  remain  valid,  however.  Stress-strain  curves  for  the  Narmco  5505  were  obtained  from  Refer¬ 
ence  7.  Curves  5  and  7  for  lamina  characterization  in  a  plane  perpendicular  to  the  fibers  were  not  available.  These 
curves  were  assumed  to  be  identical  to  those  of  the  transverse  unidirectional  lamina.  Many  of  the  curves  for  the 
lamina  were  quite  linear  to  failure,  and,  thus,  do  not  reach  the  stress  Oq  which  corresponds  to  a  .secant  niodulus  of 
0.7E.  In  the.sc  cases,  the  value  of  Oo  and  n  were  determined  such  that  the  Raniberg-Osgood  approximation  passed 
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tluou^l\  iwo  points  on  the  upper  nonlinear  portion  of  tlie  stress-strain  curves.  For  an  isotropic  material,  the 
solution  I'oi  n  and  o,,  is 


where  (o',  e  )  and  (o",  t")  are  two  points  on  nonlinear  portion  of  the  stress-strain  curve. 

IV.:.  JOINT  ANALYSIS 

IV. 2. a.  Discrete  Element  Analysis 

The  three  joints  shown  in  Figure  8  were  analyzed  by  the  di.screle  element  computer  program  discussed  in 
Section  111.  The  finite  element  idealization  of  the  single,  double,  and  step  lap  joint  are  shown  in  Figures  h,  10,  and 
1 1,  respectively.  Joint  boundary  conditions  ...'c  illustrated  schematically  in  these  figures.  Material  properties  listed 
in  Table  1  were  used. 

Results  from  the  discrete  element  analysis  for  the  shear  and  notmal  stress  in  the  adhesive  are  presented  as 
circled  points  in  Figures  12,  I.Tand  14  for  the  single,  double,  and  step  lap  joints,  respectively.  The  discrete  ele¬ 
ment  program  evaluates  the  stresses  at  the  centroid  of  each  triatigular  element.  Hence,  the  stresses  ;re  evaluated 
at  l/.J  atid  2/.J  thickness  levels  iti  the  adhesive.  In  order  to  compare  results  with  the  theoretical  method,  these 
stresses  were  averaged  to  obtain  the  stress  at  ttiidthickness.  The  discrete  element  program  did  not  converge  to  the 
specified  error  tolerance  of  0.01  within  20  iterations  for  step  lap  joint  loads  grc.iter  than  1000  Ib/inch.  This  was 
cau.sed  by  large  plastic  laminate  strains  developitig  in  the  stress  concentration  area  at  the  juncture  of  a  tread  and  a 
riser.  (Note  the  change  in  the  stress  scale  for  the  step  lap  joint  as  cotnpared  to  that  of  the  single  and  double  lap 
joints.) 

lV.2,b.  Theoretical  Analysis 

The  theoretical  analysis  technique  outlined  in  Section  II  and  programmed  foi  the  ('DC  6400  computer  was 
also  used  to  analyze  the  joints  iti  Figure  8.  In  addition  to  the  geometric  quantities,  the  adhesive  material  constants 
and  the  adherend  material  constants  for  Curves  1 ,  2,  4,  and  (>  from  Table  I  were  input  into  the  program.  The.se  lour 
curves  for  the  adherend  correspond  to  the  foin  curves  in  Figure  .1  and  the  four  Equations  (41a.  b,  c.  and  d),  For  the 
numerical  integration  involved  iti  this  solution,  the  single  lap  and  double  lap  were  subdivided  into  20  equal  segments 
(21  stations)  along  the  joint.  Each  tread  of  the  step  lap  was  subdivided  into  .JO  equal  segmetits.  The  results  of  the 
theoretical  analysis  are  presented  as  the  curves  in  Figures  12,  I.J,  and  14  for  the  tliree  joints. 

IV.2.C.  Discussion 

Despite  the  different  assumptions  involved  in  the  finite  element  method  and  the  analytical  method,  i.e.. 
plastic  strain  superpositon  for  the  finite  element  method  versus  deformati  u  theory  for  the  analytical  method 
and  three  dimensional  stresses  in  the  lini'e  element  method  versus  negligib  e  shear  deformation  in  the  adherends 
for  the  analytical  method,  the  comparison  of  the  results  in  Figure^  1  '*  •\nd  I.J  is  quite  good  for  the  adhesive 
shear  stress  in  the  single  and  double  lap  joint.  The  difference  in  the  .wo  methods  for  the  step  lap  joint  adhesive 
shear  (Fig.  14)  is  probably  due  to  both  of  the  following  two  causes; 

•  .Shear  deformation  is  neglected  in  the  adherends  for  the  theoretical  method.  For  the  step,  the 
adhesive  is  attached  to  the  40-degree  oriented  layers.  The  shear  modulus  of  these  layers  in  the 
plane  of  the  joint  is  only  141  ksi  (see  Table  I),  which  is  about  equal  to  that  of  the  adhesive  itself. 

•  Transmission  of  force  through  the  step  risers  is  neglected  in  the  theoretical  method.  Hence,  the 
lota!  force  is  iransmitted  by  shear  along  the  treads.  Thus,  the  average  shear  stress  for  the  theoretical 
method  is  about  1000/0.75  or  LJ3.J  p.si,  whereas  it  is  lower  for  the  discrete  element  method  since 
some  force  is  tiaiismitted  through  the  risers. 
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FIGURE  9.  DISCRETE  ELEMENT  LAYOUT 
FOR  SINGLE  LAP  JOINT 


FIGURE  10.  DISCRETE  ELEMENT 
LAYOUT  FOR  DOUBLE 
LAP  JOINT 


Drtdll  A 


FIGURE  11.  DISCRETE  ELEMENT 
LAYOUT  FOR  STEP  LAP  JOINT 
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According  In  liqiialioii  (122),  the  normal  stress  varies  approximately  as  a  damped  cosine  (and  sine)  curve  with 
.1  fx'iiod  of  length 


where,  approximately. 


These  conditions  are  exact  for  ‘  e  special  case  of  equal  adherends  in  the  single  lap  see  Section  11.2.  For  the  single, 
double,  and  step  lap  joints,  the  c/clic  period,  /-,  of  the  normal  stress  is  0.189  in.,  0.224  in.,  and  0.084  in.,  respec¬ 
tively.  (Note  that  I/D2  =  0  for  the  double  lap.)  The  discrete  elements  in  the  region  of  the  adhesive  were  0.025  in. 
long.  These  were  not  sufUciently  small  to  pick  up  the  rapid  variation  of  the  normal  stress  since  the  method  is  based 
on  an  assumed  constant  stress  in  each  element.  The  theoretical  method  is  somewhat  limited  in  this  regard  also 
because  of  the  numerical  integration  involved.  However,  the  integration  is  performed  according  to  Simpson’s  rule 
which  is  based  on  a  parabolic  approximation  to  the  integrand.  The  error  for  the  discrete  element  method  is  about 
and  about  for  the  theoretical  method  where  h  is  the  interval  spacing.  Thus,  the  normal  stresses  obtained  by 
tlie  theoretical  method  are  probably  more  reliable  than  those  from  the  discrete  element  method. 


Altliough  extensive  calculations  were  not  conducted  for  verification,  it  is  thought  that  the  interval  for  the 
numerical  integration  in  the  theoretical  method  should  be  no  greater  than  about  Ljln  or  l/w.  (For  the  examples 
above,  the  intervals  were  /./5.0,  /./h.O,  and  /./6.8  for  the  single,  double,  and  step  lap,  respectively. 


SECTION  V 


EXPERIMENTAL  DESIGN 


\M,  GENERAL 

Tills  section  presents  the  study  of  bonded  joint  data  taken  from  tlie  literatuie  followed  by  the  design  of  the 
experimental  program  to  verify  the  theory  of  Sections  II,  III,  and  IV.  Section  V.2  presents  the  Literature  Study 
covering  si.x  information  data  sources  to  establish  statistical  techniques  for  experimental  data  analysis  and  provide 
experimental  design  information.  Section  V.3  presents  Trial  Effective  Properties  Prediction  for  the  elastic  case 
utili/ing  the  methods  developed  in  the  previous  three  sections.  Design  of  the  Experimental  Program  presented  in 
Section  V.4  provides  the  detailed  history  of  the  specimen  selection  and  design  which  were  used  for  verification  of 
the  new  analytical  methods  in  subsequent  sections. 

V.:,  LITERATURE  SURVEY 

An  example  development  of  single  and  aouble  lap  joint  experimental  data  analysis  is  presented  in  this  section. 

It  v\  as  accomplished  by  the  study  and  analysis  of  test  data  from  three  sources:  Douglas,  IITRI,  and  SwRI.  Prelimi¬ 
nary  analysis  of  the  more  limited  data  from  two  additional  sources,  Martin-Orlando  and  Grumman  is  also  included. 
Two  composite  materials,  boron/epoxy  and  S-glass/epoxy  of  several  orientations  were  utilized  as  the  primary  adher- 
ond  materials  in  the  data  studied  in  detail  and  they  were  bonded  to  the  same  materials  or  to  aluminum,  titanium  or 
woven  E-glass/epoxy  secondary  adherends.  For  the  two  sources  of  data  studied  in  preliminary  fashion,  Grumman 
used  composite  and  metal  adherends  while  Martin-Orlando  used  only  metal. 

The  data  collection  and  analysis  effort  had  two  primary  objectives:  a  gross  characterization  of  the  "effective" 
luoperties  of  the  various  adhesives,  and  a  meaningful  estimate  of  the  general  test  precision  in  order  to  establish  guide¬ 
lines  foi  the  experimental  effort.  Pertinent  data  from  ail  live  sources  |i.e.,  Dastin  of  Grumman**^',  Lehman  of 
McDonnell-Douglas*^*,  Chessin  and  Curran  of  Martin-Orlando*'*^*.  Kutscha  of  IITRI*"  *.  and  Grimes  of  SwRI* '  "’I 
yielded  lap  joint  test  data  in  quantities  sufficient  for  meaningful  analysis.  The  Martin-Oilando  data  on  metal 
adherend-bonded  lap  joints  were  included  for  comparative  purposes.  It  should  be  noted  that  the  Martin-Orlando  data 
covered  only  one  type  of  variable  in  their  tests,  the  adherend  surface  preparation.  While  this  variation  caused  a  larger 
range  of  failure  stress  magnitudes  than  would  be  expected  with  one  chosen  surface  preparation,  the  standard  deviation 
was  comparable  to  that  of  the  Douglas.  IITRI.  and  SwRI  data  which  had  variable  overlap  lengths  and  the  Grumman 
data  which  used  several  different  adhesives. 

The  data  analysis  consisted  of  two  sequential  steps:  the  generation  of  reliable  precision  estimates  in  order  that 
confidence  intervals  might  be  established  for  the  various  mean  failure  stress  measurements,  and  the  subsequent  use  of 
these  intervals  to  establish  a  reasonable  range  of  apparent  material  properties  as  a  fui'.ction  of  the  joint  configuration 
for  experimental  design  and  data  analysis  purposes.  The  analysis  work  concentrated  on  the  average  apparent  adhesive 
shear  stress  failure  measurement,  the  average  adherend  tensile  failure  stresses,  and  on  the  running  loads  transferred  in 
Ib'm./ply.  The  gerieration  of  precision  estimates  was  complicated  generally  by  the  scarcity  of  such  estimates  in  the 
literature  and  specifically  by  the  wide  variance  in  test  parameters  among  the  five  major  data  sources.  As  an  exam|ile, 
it  can  be  seen  that,  for  the  various  parameters  by  which  the  data  were  tabulated,  not  a  single  inst:uice  can  be  found 
in  which  two  different  sources  ran  an  identical  test.  This,  of  course,  means  that  interlaboratory  reproducibility  could 
not  be  estimated. 

On  the  other  hand,  the  data  collected  did  prove  sufficient  for  estimating  the  intralaboratory  repeatability,  pro¬ 
vided  that  analysis  was  approached  via  a  method  now  under  study  for  publication  by  ASTM  Committee  D2.  This 
procedure  is  designed  specifically  for  the  generation  of  precision  estimates  from  data  in  which 

( 1 )  die  standard  deviation  appears  to  vary  with  the  mean  rating  of  the  various  samples,  and 

( 2)  only  relatively  small  amounts  of  data  are  available  on  any  one  sample. 
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1  his  IS  pu\MSt'l\’  tlie  case  with  the  lap  joint  data  collected.  The  first  step  in  the  process  was  to  calculate  the  standard 
doMaiions  lot  the  individual  samples.  Following  this,  a  decision  had  to  be  made  concerning  grouping  of  the  data,  e.g., 
oi  the  various  parameters  in  the  tabLlation;how  many  should  one  group  together?  In  this  case,  the  decision  was 
laiily  easy,  since  groups  broken  down  any  further  than  source  and  test  type  would  be  too  small  to  be  u'eful.  Hence, 
the  data  were  divided  into  these  six  groups: 

Single  Lap  Douglas  (adhcrend  materials  and  overlap  length  variations) 

Grumman  (adherend  material  and  adhesive  type  variations) 

Martin-Orlando  (adherend  malerial  surface  preparation  variation) 

Double  Lap  Douglas  (adherend  material  and  overlap  length  variation) 

SwRl  (adherend  material  and  overlap  length  variation) 

IITRl-  (adherend  material,  adhesive,  and  overlap  length  variation) 

Linear  regression  lines  resulting  from  plots  of  standard  deviation  vs  mean  adhesive  shear  stress  failure  for  each 
ol  these  si.x  groups*  are  presented  in  I-igures  15  and  16.  These  straight  lines  were  fitted  to  the  data  points  by  linear 
regression  techniques  which  represent  the  best  estimates  of  the  overall  test  (or  population)  standard  deviations  for 
each  ol  the  six  groups.  The  advantage  of  the  above  approach  is  that  a  large  number  of  degrees  of  freedom  can  be 
utilized  in  the  estimating  procedure  rather  llian  the  small  number  available  in  the  few  data  pohits  actually  falling  at  a 
given  level.  This  gives  a  much  more  realistic  calculation  for  confidence  intervals  and  provides  a  means  of  looking  at 
data  trends  with  respect  to  the  variables  encountered. 

The  difference  between  Figures  15  and  16  is  the  inclusion  and  exclusion,  respectively,  of  the  Metalbond  400 
data  in  those  analyzed  from  llTRI.  When  the  Metalbond  400  data  is  removed  from  the  balance  of  the  IITRl  data, 
the  standard  deviation  vs  mean  line  falls  on  top  of  all  the  rest  of  the  data  except  for  the  Douglas  single  lap  data. 

These  two  groups  of  data  were  obviously  out  of  control  in  some  fasliion.  It  could  have  been  the  material,  processing 
or  testing;  liowever,  the  important  point  is  that  the  statistical  technique  picked  it  up. 

Before  dealing  with  confidence  intervals,  a  study  of  the  trends  is  shown  in  Figure  16  witi,  the  standard  devia¬ 
tion  estimates  for  all  six  data  groups  given  on  the  same  ploi.  Here  it  can  be  seen  that,  at  mean  adhesive  shear  stress 
failure  levels  in  the  area  of  .TOGO  psi.  the  standard  deviations  for  all  but  one  are  approximately  equal.  Considering 
that  the  experimental  parameters  varied  a  great  deal  in  these  tests,  and  that  the  double  lap  data  behaved  (statisticallx ) 
tiiuch  like  two  of  the  three  single  lap  groups  the  general  variance  to  be  expected  for  both  groups  appears  to  be  about 
the  same  at  any  mean  level,  regardless  of  the  adhesive  type,  adherend  combination,  overlap  length,  etc. 

Calculation  of  the  confidence  intervals  for  the  population  mean  adhesive  shear  stress  failure  levels  consists  ot 
using  the  regression  line  standard  deviation  estimate  in  the  following  formula; 


-  r,v 

hS*?!  Confidence  Limits  at  /i,  =f^  ±  -  p 

V" 


(171) 


where  /j  'S  the  average  of  these  experimentally  determined  mean  adhesive  failure  stresses,  /i  is  the  number  of  deter¬ 
minations,  .1  is  standard  deviation,  and  /  is  the  /-deviate  corresponding  to  the  number  of  degrees  of  freedom  involved 
in  the  regression  line  estimate  of  the  standard  deviation  (not  //).  These  limits  define  the  interval  within  which  the 
mean  of  a  very  large  number  of  tests  would  probably  lie  relative  to  the  mean  of  this  experimental  data. 


With  the  confidence  limits  established,  it  is  possible  to  calculate  G5%  confidence  design  allowables  in  the 
t'ollowing  manner: 


=l.CL  -  r.v 
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Lsmg  A.STM  L-178(Ref  13)  for  the  deletion  of  “outlier  points.” 


STANDARD  DEVIATION  VS  M1£AN  ADHh'SlVH  FAILURE  STRESS-COMPARISON 


w'lu're  l.Cl.  =/j  —  {tsl\fn)  is  llie  lower  confidence  limit  and  /,  n  and  s  have  the  same  definitions  as  above.  In  essence,  ih 
calculation  says  that,  if  the  population  mean /j  did  turn  out  to  be  at  the  lower  confidence  level,  then  about  5  ot  100 
specimens  would  fail  at  the  design  allowable  stress  level  or  lower.  This  is  a  conservative  estimate;  the  real  failure 
probabilities  should  be  more  favorable. 

In  tile  DuUgldi,  llTKl  and  SwRl  data  groups,  overlap  lengths  weie  varied,  hence,  it  was  possible  to  plot  mean 
lailure  stress  (or  unit  load)  vs  overlap  lengths  for  various  composite  materials  and  joint  types.  These  mean  experi¬ 
mental  j^'otjate^iTeiuilcd  Ti  Figiiwi  i'7  (hrnrijii 

The  data  analyses  performed  on  the  unit  running  loads  per  ply  transferred  were  essentially  a  reiteration  of  those 
described  above  for  adhesive  failure  stresses.  Linear  regression  lines  based  on  plots  of  standard  deviation  vs  mean  run¬ 
ning  load  transferred  in  Ib/in./ply  for  four  of  the  five  groups  mentioned  (the  Martin-Orlando  tests  being  on  metal 
adherends  were  omitted)  are  presented  in  Figure  29.  Because  the  adhesive  failure  stress  and  the  running  load  are  both 
calculated  at  the  failure  point  and  thus  have  a  proportional  relationship,  it  should  be  noted  that  their  linear  regressions 
look  much  alike.  Only  the  Douglas  single  lap  data  regressions  showed  any  appreciable  difference  in  slope,  and  this  is 
most  probably  due  to  the  following  related  factors: 

(1)  These  data  generally  showed  a  significantly  higlier  variance  than  did  the  other  groups 

(2)  The  accuracy  of  the  regression  tine  slope  as  an  estimator  of  the  corresponding  population  statistic  is 
inversely  proportional  to  the  average  magnitude  of  the  sample  variance  involved. 

Thus,  the  different  slope  indicated  for  the  Douglas  single  lap  data  may  well  be  apparent  rather  than  real,  althougli 
Figure  29  shows  that  the  standard  deviations  for  all  but  the  Douglas  single  lap  data  are  approximately  equal  at  a  load¬ 
ing  of  500  Ib/in./ply. 

-Several  interesting  phenomena  can  be  seen  from  study  of  this  data.  The  lower  curves  in  Figure  25  showed  that 
a  weak  interface  region  is  detrimental  to  compo.sitc  bonded  joints.  The  cause  of  this  could  be  higli  adhesive  viscosity 
at  fiow  temperature  (occurring  during  cure),  i.e.,  a  material  quality  problem,  probably  aging.  Also,  it  can  be  seen 
from  Figures  30  through  33  that  a  comparison  of  the  plots  of  mean  vs  standard  deviations  for  shear  stress  and  load/ 
ply  transferred  are  very  similar  (as  would  be  expected)  c.xcept  for  the  Douglas  single  lap  data.  In  Figure  34  the  coef- 
ficienl  of  vaiiaiiun  line  slojje  and  lotalion  aie  cunsideiably  dillereni  IrOin  tliai  of  the  siandurJ  deviaiiOn.  Because  of 
this  the  coefficient  of  variation  is  less  desirable  as  a  design  tool  than  is  the  standard  deviation.  Finally,  a  plot  ot  the 

cDiilidciicc  liiiiilo  ut  tiic  Jaikiic  si i esses  ioi  liie  Mai  ini-vjiianUO  data  sliuwing  cuiili  j1leu  vanaiiuiis  iii  piuctssiiig 
are  significant  is  presented  in  Figure  35.  This  is  because  all  the  data  are  shown  to  be  consistent  (under  control)  even 
though  the  difference  in  the  magnitude  of  the  mean  stresses  is  quite  large  as  a  result  of  different  processing  techniques. 
It  illustrates  that  the  right  processing  technique  should  be  chosen  and  kept  under  close  control. 

Illustrations  of  plots  of  95%  confidence  limits  vs  mean  failure  magnitudes  are  shown  in  Figures  36  through  40. 

In  Figure  36  the  shear  stresses  for  the  llTRl  data  are  presented  in  this  fashion  while  Figures  37  through  40  present 
the  SwRI,  Douglas,  and  Grummait  data  in  terms  of  Ib/in./ply  of  running  load  transferred. 

From  the  study  of  these  data  from  the  literature,  techniques  have  been  established  to  analyite  similar  experi¬ 
mental  information  on  bonded  joints  for  acceptable  scatter  limits  (confidence  limits)  for  the  95%  confidence  level 
when  the  number  of  like  test  points  are  limited. 

V.3.  TRIAL  EFFECTIVE  PROPFRTIFS  PREDICTION*''*^ 

Utilizing  the  mean  data  from  Figure  23  on  a  l/2-inch  overlap  double  lap  joint  with  a  14-ply  [0](.  adherend 
made  of  Scotchply  XP-25  IS  the  shear  stress  distribution  was  calculated  for  three  assumed  bondline  shear  moduli 
values.  The  G  values  for  which  Ty  distribution  will  be  computed  are  160,  90,  and  40  ksi. 
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FIGURE  27.  NGE/NGE  IITRI  DOUBLE 
LAP/FM-1000 
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FIGURE  30.  COMPARISON 
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FIGURE  32.  COMPARISON  OF  STANDARD  DEVIATIONS- DOUGLAS  DOUBLE  LAP  DATA 
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l  iguri.'  41  shows  tlie  distribution  for  the  G  =  160-ksi  value.  It  is  as'junied  that  the  end  point  T„ia.s  nt'd  ^c 
v.ilucs  .lie  found  at  one  bondline  thickness  (0.003 15  in.)  away  from  the  end  of  the  joint  (via  St.  Venant’s  principle), 
loi  ilie  sheai  stress  must  go  to  zero  at  both  ends  at  the  free  surface.  However,  the  Tnmx  value  of  21 ,600  psi  shown  is, 
in  the  authors' judgment,  too  high.  If  the  clastic  G  of  llie  adhesive  is  actually  close  to  the  assumed  160  ksi,  the  end 
points  would  have  to  be  cut  off  at  some  lower  Tn,a.\  value  which  would  make  the  area  under  the  Tv  curve  the  same  as 
the  area  under  the  line  (i.e.,/li  +.43=^12  on  Fig. 41). 

Figure  42  looks  to  be  a  more  reasonable  assumption  for  an  assumed  G  =  90,000  psi  with  theoretical  Tma.x  being 
closer  to  the  estimated  'ma.x-  H  should  be  noted  that  lowering  the  modulus  lowers  the  maximum  shear  stresses  in  the 
cement  and  raises  the  minimum  stresses. 

One  additional  computation  for  a  6’  =  40,000  psi  is  shown  in  Figure  43.  This  is  made  to  establish  the  relation¬ 
ship  between  adhesive  shear  stresses  and  the  assumed  G  for  the  specific  composite  adherend  combination,  joint 
geometry,  and  experimentally  measured  average  failing  shear  stress  utilized.  When  the  results  from  Figures  41 , 42,  and 
43  are  plotted,  the  variation  of  t  with  the  assumed  G  is  shown  in  Figure  44.  This  shows  the  “effective”  G  to  be 
1 2,500  psi  for  t,„3x  =  J^,400  psi  and  r^yg  =  5,250  psi,  assuming  elastic  conditions  to  failure. 

From  this  initial  preliminary  study  the  technique  of  using  an  effective  G  to  determine  bondline  shear  stress 
distribution  was  deemed  feasible  for  the  elastic  condition. 

V.4.  DFSIGN  OF  T1  IF  FXPFRIMFNTAL  PROGRAM 

An  experimental  program  designed  to  verify  the  analytical  techniques  developed  herein  requires  the  complete 
evaluation  of  the  mechanical  properties  of  ( 1 )  the  adhesives,  (2)  the  adherend  materials,  and  (3)  joints  made  from 
these  materials.  Since  the  first  item  was  being  evaluated  by  at  least  two  other  programs,  effort  in  this  contract  was 
concentrated  on  Items  2  and  3. 

Because  of  the  wealth  of  data  available  on  N-5505  boron/epoxy  composites  and  6A  14V  titanium  it  was  decided 
to  evaluate  only  the  longitudinal  properties  of  these  adherend  materials.  Three  study  areas  on  joints  were  decided 
upon  to  satisfy  the  verification  objective  and  those  of  the  contract  Statement  of  Work.  Tliese  were  ( I )  a  large  number 
of  simple  specimen  bonded  joints  tested  primarily  to  determine  ultimate  strength,  ( 2)  a  small  number  of  special  bonded 
joints  to  evaluate  the  strain  distribution  under  a  monotonically  increasing  load  to  failure,  and  (3)  a  very  small  number 
of  complex  (larger)  joints  to  evaluate  size  effects  on  both  ultimate  strength  and  strain  distribution. 

V.4.a.  Adherend  Materials 

It  was  decided  to  test  four  longitudinal  tensile  specimens  from  the  two  0.938  in.  wide,  20  in.  long  strips  taken 
from  each  composite  adherend  panel  made.  In  addition,  two  similar  configuration  tensile  specimens  were  to  be  taken 
from  each  of  the  four  gages  of  6A14V  titanium  .sheet.  Specimen  and  test  details  arc  given  in  specification  SwRl  03-401 
Test  Standard  I'or  Fibrous  Conrposite  Tensile  Specimens  published  in  Appendix  C  of  this  report.  Complete  uniaxial 
tension  stress/biaxial  strain  curves  to  failure  were  to  be  recorded  on  each  static  test  specimen.  These  data  were  then 
to  be  used  in  the  nonlinear  methods  developed  in  this  program  for  bonded  joint  analysis. 

For  purposes  of  experimental  design,  properties  based  on  average  test  data  were  taken  from  the  literature  as 
follows; 


N-5505  Boron/Fpoxy* 

(50%  F.V.  Fraction)*  Sheet* 


Property 

0 

0/90 

0/+45 

Titanium  (6A14V)  Ann. 

191.0  ksi 

72.0  ksi 

103.0  ksi 

147.0  ksi 

134.0  ksi 

29.0  ksi 

36.7  ksi 

120.0  ksi 

""0.0052  in./ply 
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0.00315  In. 


■’'max  "  21.600  pal  (Theory) 


Double  Lap  Joint 

S-ClasB/ Epoxy  [0]^).^  Adherend,  tg  -  t| 
Nitrile-Epoxy  Adhesive,  t  =  .00315  in. 
Ove  rlap  0.50  in. 


i— P/2 


Tj  =  10,700  psi  (Theory) 


T  :  B,400  pei  (Eatimatcd) 


Tjivff  -  5,250  psi 


-0.  0031  5  in. 


• - V.  •  -  '  •  ^00  P»'  (Theory) 

- 1 - 1 - 1 - 1 - 1 - _ 1 _ I _ 

0.05  0.10  0.15  0.20  0,25  0.30  0.35  0.  dO  0.45  0.50 

®  X  t; 

Overlap  lx:nfith,  in. 

FIGURt  4 1 .  ORTI IO-/ISO-ELAST1C  SHEAR  STRESS  DISTRIBUTION  FOR  G  =  1 60,000  PSI 


0.  00315  in. 

'’’ni.ix  '  16,550  psi  (Theory) 


Double  Lap  Joint 

S-Class/Epoxy  Adherend  |0j,jl.p,  tg  =  tj 
Nitrile-Epoxy  Adhe.sive,  t  =  .  00315  in. 
Ove  rlap  0.50  in. 


p-M  t, 


^  'O  — ^P/2 

ZZZl - 

|'^0~ — ^P/2 

— 0.00315  in.  "HK" 
^  =  8,400  psi  (Theory)  - — 


"^avE  ^  5,250  psi 


^ -  ‘^min  "  ^.^00  psi  (Theory) 

_ 1 - i _ 1 _ I _ I _ I  _ I - 1 - J - 

0-05  0.10  0.15  0.20  0.25  0.30  0.35  0.40  0.45  0.50 

Overlap  Length,  in. 

•IGURH  42.  ORTHO-/ISO-HLASTIC  SHEAR  STRESS  DISTRIBUTION  FOR  G  =  90,000  PSI 


»p  LenRth 


\  b  AdliL’siN'i'  I’lopcrlies 


SiiKi'  little  data  were  available  on  the  einperical  strength  of  AF-126-2  and  MB-329  adhesives  used  in  single, 
double .  step  lap  and  scarl  joints  witlt  variable  overlap  lengths,  the  data  which  were  available  were  used  to  develop 
extiapolated  eun'es.  Those  for  AF-126-2  nitrile  epoxy,  low  stiffness-high  elongation  (LSHE)  adhesive  are  shown  in 
l  igiire  45.  Figure  46  presents  similar  type  curves  on  MB-329  epoxy  novolak  higli  stiffness-low  elongation  (HSLE) 
adhesive.  These  estimated  ultimate  shear  strength  values  were  used  in  the  design  of  the  joint  specimens. 

V.4.e.  Simple  and  Special  Joint  Specimen  Design 

Using  the  properties  presented  in  the  previous  sub-sections,  joint  design  curves  were  calculated  and  plotted 
which  would  Luver  both  the  linear  and  nonlinear  ranges  of  both  the  adherend  and  the  adhesive.  In  other  words, 
some  joints  were  designed  to  fail  in  the  adhesive  with  the  adherend  tensile  stresses  in  either  the  linear  or  nonlinear 
t  itnge  tut  Hdrate  ■uthv.R  WcTl  dcsigiicu  to  luti  in  the  auhetond  ■whfic  the  adhesrve  shear  stress  -WciS  tithet  in 
the  linear  or  nonlinear  range.  Additionally,  some  were  designed  to  cause  failure  to  occur  simultaneously  in  the 
adhesive  and  the  adherend. 

For  the  three  fiber  orientations  selected  and  the  (our  types  (3  lap  and  1  scarQ  of  joints  to  be  studied,  the 
empirical  design  curves  using  the  AF-126-2  (LSHE)  adhesive  are  given  in  Figures  -+7  through  49.  Similar  curves  are 
pToSented  tor  tlte  MB-329  (HSLE)  adhesOi  iIi  Figuics  Su  Ihiuugli  02.  With  tlitbC  Cl'itpim-al  design  CtiIVcS  tuSeu  OTi 
average  test  properties,  the  overlap  lengths  were  designed  for  a  given  stress  level  in  the  adherend  for  a  given  type 
adhesive  and  orientation  of  the  composite.  This  information  was  then  used  to  generate  the  required  number  of  plies 
of  a  balanced  symmetric  laminate.  Where  titanium  was  used  as  the  other  adherend  materials  it  was  matched  as  closely 
a*,  poswbk  '■«  tKi  lotsl  com'[}i_«4w  adUttwtd  With  tal  uKRHtotv,  tfv  Hovpk  i.nl  on 

plan  could  be  completed  and  is  shown  in  Table  11 

V.4.d.  ComplexJoint  Design 

General  requirements  established  for  the  complex  joints  (C.J.)  were: 

{ 1 )  One  ( 1)  C.J.  test  panel  for  each  adhesive,  i.e.,  two  (2)  C.J.  test  panels,  total 

(2)  Each  C.J.  test  panel:  approximately  5  in.  wide  X  15  in.  long 

(3)  Each  C.J.  test  panel:  double  lap  type 

(4)  Each  C.J.  test  panel:  instrumented  to  determine  load/strain  distribution,  concentrations,  failure  initia¬ 
tion  locations,  and  ultimales. 
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tabu;  II 


SlMBLl:  AND  ‘“^PHCIAL"  SPDClMliN  TEST  PLAN 
(Moiiolonically  Increasing  Load  to  Failure) 


Gcnciai 

Overlap  Segments”' 

Line 

Total 

1  \  |ie  ot 

Fiber 

Number  1 

Number  2 

Number  3 

.loin. 

Drientationi 

BB 

B-T 

B-B 

B-T 

B-B 

B-T 

Category 

N 

O.L. 

N 

O.L. 

N 

O.L, 

N1- 

O.L. 

N 

O.L. 

N 

O.L. 

N 

Single  1  ap 

101, 

,t 

1/4 

3 

1/4 

3 

1-1/4 

3 

1-1/4 

3 

1-3/4 

3 

1-3/4 

X 

18 

10 '^'01, 

- 

0 

10  ±45), 

.t 

1/4 

3 

1/4 

3 

1-1/4 

3  -1  1 

1-1/4 

3 

2 

3 

2 

18  -f  1 

I).  HI  hie  1  -lO 

101, 

lO.MOl, 

1/4 

1/4 

3 

3 

1/4 

1/4 

3 

3 

1/2 

1/2 

3 

3 

1/2 

1/2 

3 

3 

3/4 

3/4 

3 

3 

3/4 

3/4 

18 

18 

VAF-I26-2(LS-11E) 

'^adhesive 

10/±451, 

1/4 

3 

1/4 

3 

3/4 

3  +  1 

3/4 

3 

1-1/4 

3 

1-1/4 

183  1 

Siep  Lap 

101, 

3 

1/4 

3 

1-1/4 

— 

3 

2 

9 

O 

O 

- 

- 

3 

1/4 

- 

3 

1 

- 

- 

3 

1-1/2 

9 

I0/+4S1, 

3 

1/4 

- 

3  +  1 

1-1/2 

- 

- 

2-1/4 

9  -t-  1 

First. Group  Totals 

117  3-3 

Single  Dtp 

101, 

3 

1/4 

3 

1/4 

3 

1-1/4 

3 

1-1/4 

3 

2-1/4 

3 

2-1/4 

18 

10/‘)0|, 

- 

- 

- 

- 

- 

0 

|0/±45|, 

3 

1/2 

3 

1/2 

3 

1-1/2 

3  -1-  1 

1-1/2 

3 

2-1/2 

3 

2-1/2 

18  3-  1 

Doulile  Lap 

10|, 

10/40], 

3 

3 

1/4 

1/4 

3 

3 

1/4 

1/4 

3 

3 

1/2 

3/4 

3 

3 

1/2 

3/4 

3 

3 

1 

1-1/2 

3 

3 

1 

1-1/2 

18 

18 

.MB-329(IIS-L12) 

/  adhesive 

10/±45K 

3 

1/4 

3 

1/4 

3 

1 

3  +  1 

1 

3 

1-3/4 

3 

1-3/4 

18  3-  1 

Step  lap 

101, 

3 

1/2 

3 

1-1/2 

- 

- 

3 

2-1/4 

9 

10/401, 

3 

1/4 

- 

3 

3/4 

- 

- 

3 

i-l/2 

9 

10/±4.S|, 

3 

1/4 

- 

3  +  1 

1-1/4 

“ 

- 

3 

2-1/2 

9  3-  1 

Second  Group  Totals 

1173-3 

GROUP  TOTALS 

234  3-  6 

■' Adlieieiid  Material;  B-B  is  Doron-to-boron;  B-T  is  boron-lo-titanium;  N  =  Number  of  Specimens;  O.L.  =  Overlap 
1  eiit;lli  III  inches. 

Ma)  .'Ml  simple  specimens  in  this  eolumn  will  have  clamp-on  (2-in.  gage  Icngtti)  extensometer  use.i  to  rccoid 
Jeli'imaiimi  during  loading. 

(hi  .'Ml  “special”  specimens  in  this  column  will  be  used  to  determine  load  deformation  behavior  of  joint  (e.g., 
siiain  gage  msttumcntation). 


SHCTION  VI 


LAMINATE  PROCESSING 

\  l.l.  GENERAL 

file  purpose  of  tliis  section  is  to  describe  the  processing,  fabrication  and  quality  control  activities  in  making 
ci'uiposite  laminate  panels  during  this  research  program.  These  are  presented  in  Sections  VL2.  VL3  and  VL4.  Proce.ss- 
mg  Facilities  described  in  Section  VI.2  give  detailed  information  about  the  type  of  buildings  and  equipment  used, 
w  hile  Section  VI. 3  on  Process  Development  provides  the  reader  with  a  brief  summary  of  the  developmental  aspects 
ol  the  materials  processing.  Adherend  Panel  Fabrication  and  Quality  Control  are  presented  in  Section  VI. 4  and  cover 
the  processing  and  inspection  details  of  panels  used  in  the  experimental  program. 

VI.:.  PROCESSING  FACILITIES 

Special  facilities  and  equipment  are  required  for  composite  fabrication  and  quality  control.  This  .section 
describes  these  areas. 

The  processing  laboratory*  in  which  cleaning  and  layup  of  the  boron/epoxy  and  fiber  glass/epoxy  laminates 
and  the  bonded  joints  was  accomplished  is  19  X  20  feet  with  air  conditioning  supplied  by  the  zone-controlled  central 
building  unit.  During  a  normal  week,  the  temperature  in  the  laboratory  varies  between  72°  and  74°F  w'hile  relative 
liumidity  varier  from  5 1  to  57  percent.  Ternperatute  ar.d  huriiidily  tn  tire  Ubwstor^  'were  rcvXMded  c\Mttnwwv.;Iv  by 
a  Honeywell  two-pen  recorder  actuated  by  a  mercury-niled  temperature  sensor  and  a  hair  humidity  sensor.  Extremes 
ttCv  locd  drA'iog  she  h  '-kF  weeirtcfi  e>tTeew°  tr  ’’S°k  i*  iWe  ftiru  -At wtAbiTe . 

Equipment  in  the  laboratory  included  a  work  bench,  several  work  tables  (two  with  Formica©  tops  for  cleaning 
operations  and  layup),  a  F!.TTnic>n£/-topptd  wash  kasir.  made  of  special  chemical  mistant  molded  epoxy  temldr^cd 
plastic,  storage  cabinets,  an  air  circulating  Blue  M  oven  capable  of  controlled  temperatures  up  to  500°F  ±  2‘’F,  and  a 
c!  «?■*  4  «'  0°E 

The  50-ton  M  and  N  press  is  located  in  an  adjacent  laboratory  (same  building)  w'hich  is  also  air  conditioned,  but 
the  temperature  and  humidity  may  vary  more  widely  since  it  is  a  large  open  area  with  direct  access  to  the  outside. 
Figure  53  consists  of  photographs  of  the  laboratory  and  associated  equipment. 

VI, 3.  PROCES.S  DEVEEOPMENT 

The  development  of  a  standard  process  (see  Appendix  C)  for  making  laminates  and  inspecting  them  was  required 
to  provide  the  necessary  consistency  and  control  for  the  adherend  materials  to  be  used  in  the  experimental  effort. 

While  the  processing  and  laminating  variations  were  investigated,  so  was  equipment  functioning.  Besides  the  hand 
laviip  process,  the  two  main  areas  of  concern  were  the  laminating  press  and  the  thru-scan  ultrasonic  inspection  system. 

Providing  a  laminating  press  which  haf  closely  controlled  temperatures  was  the  first  order  of  business.  After 
considerable  overhaul  and  modification  of  the  50-ton  M  and  N  press  with  20  X  24-inch  electrically  heated  platens 
ihc  following  heat  survey/adjustment  procedure  was  begun. 

.Separate  recorder-controllers  were  connected  'o  the  contactors  of  the  top  and  bottom  platens.  Four  20  X 
24  inch  plates  were  cut  from  0.125-inch  ai  iminun;.  A  slot  from  the  center  to  one  side  was  cut  in  the  back  side  of 
each  plaie  and  a  2b-gagc  iron-constantin  thermocouple  cemented  into  the  slot  with  the  hot  junction  at  the  center  of 
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FIGURE  53.  COMPOSITE  LABORATORY  AND  EQUIPMENT 


1  Ik'M'  iliemuvoiiples  serve  as  tlie  conirol  input  to  tlie  platen  temperature  recorder-controllers. 
•kI'.  tool  plate  w  as  sanded  to  remove  scratches  and  given  two  coats  of  a  wa\  base  mold  release  agent. 


The  face 


An  eiglii-ply.  1(1  X  20-inch  heal  survey  panel  (made  from  1581  glass/5505  epoxy)  was  laid  up  with  eighteen 
iheiniociniples  arranged  in  a  triangular  pattern  (see  Figure  54)  embedded  between  the  fourth  and  fifth  plies.  Layup 
and  cute  ol  tins  panel  was  accomplished  in  accordance  with  the  SwRl  03-301  Process  Standard  for  Boron/Resin 
t  oniposite  Laminate  Fabrication*.  During  the  cure  cycle,  the  temperature  at  these  thermocouples  was  monitored 
■it  lu\|uent  intervals.  During  the  200°F  portion  of  the  cycle,  there  was  not  more  than  6°F  difference  between  the 
highest  and  lowest  themiocouple  readings.  There  was  an  initial  overrun  of  temperature  on  heat-up  to  214°F  which 
dropped  within  15  min  to  210°F,  and  was  under  control  at  200°  to  206°F  during  most  of  the  remainder  of  the 
2  hours.  No  overrun  occurred  at  300°F  and  control  was  maintained  between  296°F  and  302°F  with  a  maximum 
dtllerence  ol  12°F  between  the  highest  and  lowest  temperature  readings.  Control  was  maintained  at  344°  to  348°F 
with  a  maximum  temperature  difference  of  I4°F  during  the  final  2  hours  of  cure.  Figure  55  is  a  back-lighted  photo- 
gr.iph  of  the  cured  heat  survey  panel.  The  dark  patches  across  the  thermocouple  wires  are  Scotch®  Brand  glass  cloth 
electrical  tape.  No.  27,  which  was  required  to  hold  the  tliermocouples  in  place  during  layup  and  cure.  The  wires  are 
2(i-gagc  iron-constantin  with  enamel  and  glass  fiber  wrap  on  each  wire  and  glass  braid  over  all.  Quality  of  the  panel 
was  visually  good  with  a  generiilly  uniform  light  yellow  translucent  appearance. 


Fifteen  panels  were  fabricated  using  the  1581  glass  fabric/5505  epoxy  material  and  eleven  panels  were  fabri¬ 
cated  from  Narmco  5505  boron/epoxy  Lot  No.  297,  Roll  13  (twisted  fiber)  and  Lot  No.  373,  Roll  1 ,  which  was  the 
tiisi  production  lot  of  material  received.  These  panels  are  listed  in  Table  111. 


Panel  No.  6  has  pieces  of  Tenon®-coatcd  glass  fabric  and  .Scotch®  Brand  glass  cloth  electrical  tape.  No.  27, 
eiiiheddetl  between  the  fourth  and  fifth  plies  as  shown  in  Figure  56.  Figure  57  is  a  back-lighted  photograph  ol  this 
panel,  rhis  was  used  to  develop  the  ultrasonic  test  technique  for  voids  and  inclusions. 


Initial  laminates  using  the  boron  prepreg  had  rather  poor  appearance.  The  top  surface  was  resin-starved. 

Panels  B-l  and  B-2  were  cured  at  a  higher  total  pressure  than  had  been  used  on  an  equivalent  size  of  glass  fabric 
retnioiced  ptmels,  but  the  increased  pressure  was  evidently  not  sufficient  to  accomplish  the  greater  compression  of 
the  t'oioprene  boundtiry  support  required  by  the  thinner  boron  layup.  A  0.020-in.  aluminum  shim  was  placed  under 
the  layup  for  Panel  B-3,  and  the  press  was  adjusted  to  the  load  used  previously  for  the  glass  fabric/epoxy  panels. 

Tliic  also  resulted  in  a  resin-starved  surface.  An  increased  load  was  then  u.sed  for  panels  B4  and  B-5.  This  improved 
the  icsin  How  and,  except  for  a  few  loose  fibers  in  one  location  on  the  surface  of  B4,  the  appearance  was  good.  The 
Litei  boron  laminates  all  had  good  appearance,  except  Panel  B-9  which  had  some  loose  fibers  on  the  top  surface. 


I  ensile  strength  specimens  were  prepared  from  Panel  G-2  and  were  tested  on  the  Inslron  machine  at  a  constant 
delleetion  rale  of  0.05  in. /min.  The  average  ultimate  tensile  strength  of  nine  specimens  was  56,700  psi.  with  a  pro- 
poiiional  limit  of  oO.O.iO  psi.  The  average  modulus  was  4.78  X  lO*  psi  initially  and  3.17  X  10®  psi  above  the  pro- 
poitional  limit.  Complete  data  on  these  tests  are  presented  in  Table  IV.  While  these  tests  were  performed  for  the 
I  RAD  Creep  Programt.  they  provide  an  indication  of  the  quality  of  the  fabrication  technique. 


.A  thiough  transmission  ultrasonic  inspection  facility  was  completed  and  all  glass/epoxy  panels,  except  G-l,  2 
,ind  .'i  and  boron'epoxy  panels  through  B-8,  were  subjected  to  ultrasonic  inspection.  Panel  G-l  is  the  heat  survey 
p.mel  with  thermocouples  imbedded  as  shown  in  Figures  54  and  55.  Panels  G-2  and  G-5  had  already  been  cut  for 
ti.  it  i.  iiVk  Im.  luAVeVel .  tl'ic  latgeT  rolVutining  piteCs  lit  the. St  [idncLs  Wt  it  ii'iSpetted.  1  ViC  iC’tui  ding  u1  the  ii\t  i  .i.iDiiit 
test  III  Panel  G-(i  is  shown  in  Figure  58.  Plastic  tape  was  placed  on  all  edges  and  the  whole  panels  were  sprayed  with 

.H..11  pitvtiiT  Wuiti  ub.ji 'rptitin  Tcftiit  i7Tirri..T‘.,..d  in  tViv. ‘wtiT.-t  bath,  I'bt  tugt  tap,,  mujvvs  as  pips  uiofi^  tutn 

end  111  the  panel  and  solid  lines  along  one  side,  Lach  line  on  the  chart  represents  a  1/8-inch  interval  on  the  panel. 


'  Appendi.x  C.  Page  C-‘C 

Sv,  KI  In  lliiiise  Research  and  Development  Program,  Project  03-9036. 
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FIGURE  54.  1581  GLASS  FABRIC/5505  EPOXY 
HEAT  SURVEY  PANEL  POSITIONS  OF 
THERMOCOUPLE 


FIGURE  55.  HEAT  SURVEY  PANEL 
BACK-LIGHTED  PHOTOGRAPH 


TABLE  ill 


A.  1581  Glass  I'abric/N-SSOS  Kpoxy  Panels 


Cr-l  I  16  X  20  8 


Cn3*  16X20  12 

G-4*  6X10  8 

G-5*  6X  10  12 

6X10  8 

16  X  20  10 

1 6  X  20 
6X10 
6  X  10 
1 6  X  2(1 
1 6  X  20 
1 6  X  20 
1 6  X  20 
G-15’  16  X  20 


II.  lioron  l'ibcr/N-5505  Kpoxy  Panels 


ll-l  *  6X9 

H-2*  6X9 

U-3*  6X10 

IM’  6X9 

11-5*  6X10 

11.6  6X9 


riiickncss, 

in. 

I'ibcr  Oricniaiion 

Remarks 

0" 

Heat  Survey  Panel-1 8  Thermo¬ 
couples  at  Center 

0.072 

0° 

To  be  used  for  Tensile  Test 
Specimens 

0.103 

0° 

To  be  used  for  Flexural  Test 
Specimens 

0.067 

0“ 

0° 

0" 

Void  and  Inclusion  Test  Panel 

0.090 

0“ 

0“ ,  90° , . 

.,0“ 

i4S° 

n“.  145”, 

.  . ..  0” 

0.0975 

0" 

0.0960 

90“  to  long  axis  of  panel 

0.0940 

145” 

0.0930 

0",90“,. 

.,  0” 

0.115 

0”,  i45“. 

.  ..0“ 

xy  Panels 

0.0493 

0" 

Surface  is  resin  starved 

0.0450 

0” 

Surface  is  resin  starved 

0.0357 

0” 

Surface  is  resin  starved 

0.0458 

0”.90”..  . 

..  0" 

Loose  fiber  on  one  surface 

0.0465 

145” 

Good  appearance 

0.0474 

0” 

Used  new  material  from  Lol  373 

0.0791 

0“ 

U.sed  for  acceptance  tests  of 
Narmco  5505  Lot  373,  Roll  No.  1 

0.0784 

0''.90”... 

..  0” 

From  Lot  373.  Roll  No.  1 

0.0447 

0”,i45°,. 

. .,  0” 

Loose  fibers  on  one  surface 

0.0757 

90"  to  long  a.xis  of  panel 

0.0803 

(f.OO",.. 

0” 

•IKAO  Panels  for  Creep  Program. 
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FIGURli57.  PANEL  NO.  G-6  BACK-LIGllTLD  PHOTOGRAPH 


1  T  iiii  kni'b  »  ;  8  pli« 


IMIHilMI 


I  I  t'flon  l.i>;ilf(i  CiIahh  Pabri<  Inclusion, 


T}iii'kn4;.HH  '  0,001  in. 


1/^”  \/.:”  i/i"  i/i- 


fe<y;4  1/-1"  -  ,/.i  ■ 


mm  lini  ft 


_  j  8  Tt'fltm  r..aii.<l  Olass  Fabrii  IihIuhi  h».  'rhirkiu*HS  '  0.005  in.  J 

I  IGURL  56.  PANEL  NO.  G-6  Wrill  TEFLON-COATED  GLASS  FABRIC  AND 
GLASS  CLOTH  ELECTRICAL  TAPE  INCLUSIONS  FOR 
ULTRASONIC  TEST  CALIBRATION 


^  8^y  '»>«• 

'o<<f 


tabll;  IV 


TENSILH  STRENGTH  TESTS*  OF  PANEL  0-2 


I'linicnsinn  or  Propeity 

Specimen  Numbers 

Average 

-1-1 

-1-2 

-1-3 

-2-1 

-2-2 

-3-1 

-3-2 

-3-3 

I't.ipf  Dimensions:  Length  (in.) 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

Width  (in.) 

0.501 

0.501 

0.501 

0.502 

0.502 

0.500 

0.501 

0.500 

0.497 

Thickness  (in.) 

0.070 

0.069 

0.068 

0.069 

0.069 

0.069 

0.069 

0.069 

0.070 

Proportional  Limit  Load  (lb) 

1,010 

950 

980 

940 

1,140 

1,090 

1,050 

1,120 

1,080 

Maximum  Load  (Failure)  (lb) 

2,050 

2,025 

1,950 

1,860 

1,775 

2,000 

2,115 

1,940 

1,950 

Liltimatc  Tensile  Strength  (psi) 

58,300 

58,600 

57,200 

53,800 

51,200 

57,900 

61,200 

56,200 

56,100 

56.720 

P.  L.  Strength  (psi) 

28,750 

27,400 

28,700 

27,100 

32,900 

31,600 

30,300 

32,500 

31,000 

30,030 

Initial  Modulus  (X  10”*  psi) 

4  tl8 

4.74 

4.88 

4.92 

4.48 

4.78 

4.55 

5.81 

4.78 

4.78 

I'inal  Modulus  (X  10”*  psi) 

3.12 

3.14 

3.44 

3.68 

3.04 

2.82 

2.88 

2.75 

3.65 

3.17 

•Performed  for  IRAD  Creep  Program  by  SwRl 

Tlic  lapc  iixiiisions  in  the  panel  arc  sliown  distinctly  but  are  not  very  well  denned  by  size  or  shape.  Ultrasonic  tests 
of  Panels  B-2  and  13-8  show  e.xlcnsive  areas  of  reduced  ultrasonic  transmission.  Panel  B-8  is  a  0/‘)0'"  layup,  and  the 
tape  paiiern  is  apparent  in  the  chart  (Fig,  59).  Panel  B-2  is  a  0“  layup,  and  no  particular  pattern  is  presented  on  the 
chart  (I'ig.  60).  The.se  (wo  results  indicate  that  the  recording  system’s  .sensitivity  was  loo  high  during  this  lest. 

Panel  B-7  was  an  acceptance  test  panel  and  is  shown  in  Figure  61  at  a  k)wer  sensitivity. 

Areas  of  reduced  transmission  also  appear  in  one  corner  of  Panels  G-7.  G-1  l.G-12,G-1.3.G-14  and  G- 1 5.  It 
was  possible  to  determine  the  significance  of  these  areas  by  culling  llexure  specimens  which  included  these  areas  of 
reduced  ultrasonic  transmission.  A  tnore  detailed  study  of  Panel  No.  G-l  1  will  reveal  this. 

Typical  and  reduced  performance  of  such  flexure  specimens  is  illustrated  by  the  results  of  tests  on  glass  fabric/ 
e|ioxy  composite  (Panel  No.  G-l  1 ).  A  data  summary  package  is  included  here  as  Table  V  and  Figures  62, 6.1,  64  and 
('.5.  Table  V  gives  general  information  on  the  prepreg  material  and  the  cured  laminated  panel.  The  fiber  orietitation 
indicates  the  warp  direction  of  the  1 58 1  style  woven  glass  fabric.  The  2387  epoxy  resin  system  is  the  same  that  is 
used  in  Narmco’s  Rigidite  5505  boron/epoxy  materials  which  were  used  as  the  primary  adherend  materials  in  this 
program.  The  inaterial  was  2  months  beyond  the  warranty  expiration  date  when  cured,  but  it  does  not  appear  to 
have  deteriorated  to  any  significant  extent. 

Figures  62  and  63  represent  the  average  results  of  Bexure  tests  on  three  specimens  each  from  adjacent  areas  of 
the  panel  in  which  the  ultrasonic  inspection  indicated  no  flaws  and  extensive  Haws,  respectively.  The  Hawed  area 
llexure  strength  and  modulus  were  slightly  lower  tlian  in  the  area  with  no  Haws.  Figure  64  is  the  cutting  pattern  for 
Panel  Ci-I  I  in  ap]5roximalely  true  proportion.  Figure  65  is  the  ultrasonic  inspection  record  for  Panel  G-l  I.  This  is 
not  in  true  proportion  to  the  panel.  The  long  dimension  of  the  chart  repre.sents  the  16-in.  width  of  the  panel.  Each 
line  across  the  chart  lepresents  1/4  in.  in  18-1/2  in.  of  the  20-in.  length  of  the  panel  (approximately  1-1/2  in.  at  the 
end  ol  the  panel,  area  1 1-3  in  Fig.  64,  was  not  inspected).  The  portions  of  the  panel  used  in  the.se  flexure  tests  are 
'iiitimed  in  l-igure  65.  The  other  specimens  cut  were  for  the  IRAID*  p'^ogram  only. 


Ibid.  (T  on  page  70) 
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TABLl:  V 


I'ANl-L  DATA  SUMMARY  PACKAGE 
PANEL  NO.  G-11 

I.  MATERIAL  INFORMATION 

•A  Material  Type:  Narmco  2387-1581-38 

13.  Dale  of  Manufacture:  6-10-69 

(’.  Material  Confirms  to  Specification: _ 

1).  Piepreg  Resin  Content  (Volume  %):  34.0 

L.  Batch  No.:  1 1 

L.  Roll  No,:__[ 

(!.  Warranty  Expiration:  9-11-69 

11.  LAMINATE  INFORMATION: 

.A.  Orientation:  [0]  1  IT 

B.  Process  Record  No.:  G-11 

C.  Process  Conforms  to  Specification: 

D.  Cure  Date:  11-14-69 

L'.  Number  of  Plies:  II 

F.  Average  Panel  Thickness  (in.):  0.0975 

G.  Average  Ply  Thickness  (in.):  0.00886 

II.  Fiber  Content  (wt  %):  70.810 

I.  Resin  Content  (wt  %):  29.190 

J .  Void  Volume  (Volume  %):  3.87 

K.  Panel  Density  (Ib/in.^):  0.0671 

L.  Panel  Si/.e:  16''X20'' 


The  boron  panels  were  also  X-rayed.  A  positive 
print  of  Panel  B4  is  shown  in  Figure  66  and  Panel  B-8 
in  Figure  67.  These  are  both  0°/90°  layups,  but  B-4 
was  prepared  with  material  from  Lot  297,  Roll  13  and 
is  nine  plies  thick,  while  B-8  was  made  from  Lot  373, 
Roll  1  and  is  seventeen  plies  thick.  Spaces  are  quite 
evident  between  the  1/8-in.  tapes  used  in  preparing  the 
3-in.  wide  tapes  in  each  of  these  panels.  Panel  B-8  shows 
evidence  of  poor  spacing  between  the  3-in.  tapes  during 
layup  of  the  panel  which  aiso  corresponds  to  the  pattern 
found  in  the  ultrasonic  inspection.  The  fiber-poor  (light) 
areas  on  Panel  B-4  running  parallel  to  the  long  axis  of 
the  panel  (along  the  edges)  are  the  areas  where  surface 
fibers  were  loose  and  peeled  off  when  the  panel  was 
removed  from  the  tool  plate.  Panel  B-7,  the  material 
acceptance  test  panel,  is  shown  in  Figure  68. 

Rolls  1 ,  2  and  3  of  Lot  373,  Narmco  5505  boron/ 
epoxy  prepreg  were  received  on  December  16,  1969. 
Panel  B-7  was  prepared  from  Roll  1  on  December  23, 
1969,  for  acceptance  testing.  This  was  first  subjected 
to  ultrasonic  and  X-ray  examination  (see  Figs.  61  and 
68).  The  panel  was  then  cut  into  specimens  for  longi¬ 
tudinal  and  transverse  llexure  strength  tests  and  hori/.ttn- 
tal  shear  strength  test.  The  results  of  these  tests  are 
given  in  Table  VI  along  with  the  results  fr:mi  Narmco. 
The  specimens  after  test  are  shown  in  Figure  69.  The 
test  results  all  satisfy  the  General  Dynamics  specifica¬ 
tion  F'MS-2001  except  the  fiexural  modulus  which  is 
slightly  (5%)  low. 

VI.4.  ADIIERLND  PANEL  FABRIC  ATION  AND 

QUALITY  CONTROL 

All  composite  adherend  material  panels  were  fab¬ 
ricated  in  accordance  with  Figure  70.  These  panels  and 
one  acceptance  test  panel  (B-20)  are  listed  in  Table  VII 
with  the  ply  thickness  and  fiber  orientation.  The  panel 
thicknesses  shown  represent  the  average  of  a  number  of 
measurements  taken  1  in.  from  the  edge  around  the 
perimeter  of  the  panel.  Except  for  Panel  B-20,  these 
measureiuents  indicate  a  ply  thickness  value  of  0.0053  ± 
0.0004  in.  average  for  the  boron/epoxy  composites. 

Panel  B-20  is  indicated  to  have  a  ply  thickness  of 
0.00486  in.;  however,  measurement  of  the  ply  thickness 
in  a  microphotograph  gave  a  value  of  0.00518  inch. 


Panel  B-20  was  a  6  X  10-in.  panel  which  was  pre¬ 
pared  for  acceptance  testing  of  tin.  Narmco  5505  mate¬ 
rial  lioni  Batch  No.  381 .  This  shipment  was  comprised  of  Roll  Nos.  30,  3 1 , 32,  33  and  73.  which  were  received  on 
.March  5.  1 970.  The  ultrasonic  test  chart  of  this  panel  is  shown  in  Figure  71 ,  and  a  positive  print  of  the  X-ray  is 
s1m<v/ii  m  Figure  72.  The  results  of  the  longitudinal  and  transverse  flexure  strength  and  modulus  and  horizontal  shear 
irengili  tests  are  given  in  Table  VIII  along  with  the  qualification  test  results  from  Narmco  and  the  General  Dynamics 
I  .M.S-2001  specification  requirements.  All  acceptance  test  results  were  substantially  in  excess  of  this  specification’s 
;';qiiiiciiieiits  and  also  exceeded  the  Narmco  qualification  flexure  values. 
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TABLli  VI 


MATERIAL  ACCEPTANCE  TESTS 


Narnit'o  5505  Boron/l’poxy  Prepa'g  I.ol  373,  Uc'll  1 


Laniinale  F-ibcr  Orientation:  0“ 


Load  Orientation:  0"  and  90" 


Laminate  Thickness:  1 5  plies  0.080  inch 


Physical  Property 

Test 

Temp,  “  !•' 

SwRI  Acceptance  Tests 
Spec.  No.  Re.sults 

I'le.Miral  Strength- 

RT 

R-7-1 

233,260 

Longitudinal  (psi) 

RT 

B-7-2 

268,130 

RT 

B-7-3 

234,490 

Average 

245,290 

I-lcxural  Modulus- 

RT 

B-7-1 

29.85  X  KF 

Longitudinal  (psi) 

RT 

B-7-2 

27.65  X  10‘ 

RT 

B-7-3 

27.85  X  10'' 

Average 

28.45  X  KF 

Mexural  Strength- 

RT 

B-7-) 

14,770 

Transverse  (psi) 

RT 

B-7-5 

9,375 

RT 

B-7-6 

12,300 

Average 

12,150 

Horizontal  Shear 

RT 

B-7-7 

15,390 

Strength  (psi) 

RT 

B-7-8 

15,510 

1 

RT 

B-7-9 

15,330 

RT 

B-7-1 0 

15,340 

Average 

15,390 

Narmco 
OC  Report 


225,900 


G.D.’s  Spec. 
I- MS-2001 


225,000 


FIGURE  69.  MATERIAL  ACCEPTANCE  TEST  SPECIMENS 
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FIGURE  72.  POSITIVE  PRINT  OF  X-RAY  OF  PANEL  B  20  USED  FOR  ACCEPTANCE  TESTING 
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Panels  H-29  and  B-30  were  manufactured  with  known  void  inclusions  for  use  as  void  standards  in  comparisons 
witli  the  actual  panels.  A  scale  drawing  of  the  void  inclusion  panels  is  shown  in  Figure  73,  locating  and  describing 


FIGURE  73.  BORON  REINFORCED  UETRASONIC  TEST  PANELS 


them  precisely.  The  ultrasonic  record  of  void  panel  B-2‘)  is  shown  in  Figure  74.  and  that  of  void  panel  B-30.  in 
Figure  75.  Two  void  panels,  one  8-ply  and  one  16  ply,  were  necessary  to  adjust  the  ultrasonic  inspection  system. 

Most  of  the  panels  used  in  the  program  are  close  to  these  numbers  of  plies. 

The  ultrasonic  inspection  recorder  charts  (.see  Figs.  74  and  75)  lor  the  6-  X  6-in.  panels.  B-26  (8  plies)  and 
B-30  ( 16  plies),  contain  the  following  built-in  voids.  Pieces  of  TX-1040  Teflon@*-treated  glass  fabrii.,  O.OOI-in.  thick, 
weTC  placed  betv/een  the  centei  plies.  The  top  row  is  composed  of  square  shapes  ranging  from  1/8  to  1  in.  in  size. 

The  second  row  is  composed  of  circles  of  the  same  diameters.  The  third  row,  from  left  to  right,  contains  1/8-  X  1-in. 
long  strips  spaced  1/8,  1/4  and  3/8  in.  apart,  oriented  at  0°  to  the  direction  of  the  ultrasonic  scan.  Next  are  strips 
oriented  at  60°  to  the  scan  direction.  The  first  strip  is  1/4  in.  wide  and  the  others  are  1/8  in.  wide  and  again  spaced 
at  intervals  of  3/8,  1/4  and  1/8  inch.  These  are  followed  by  a  1/8- and  a  1/4-in.  wide  strip  at  a  45°  angle.  Below  the 
1 /4-in.  wide,  45°  strip,  a  1/8-in.  wide  X  i -in.  long  strip  of  boron/epoxy  prepreg  was  placed  between  the  center  plies. 
Below  the  l/8-in.,  45°  strip,  three  strips  of  boron/epo.xy  were  placed  between  plies  2  and  3. 4  and  5,  and  6  and  7. 

The  boron/epoxy  strips  were  also  oriented  at  45°  to  the  scan  direction.  A  0/60  cross-ply  fiber  orientation  was  used 
for  both  panels. 

The  1/8-in.  diameter  circie  was  lost  at  the  6-dB  sensitivity  level  required  to  minimize  extraneous  signals  in  the 
16-ply  panel  (B-30).  Some  other  areas  of  apparent  thickness  discontinuity  are  present  in  addition  to  the  TX-1040 
fabric.  The  extra  layer  of  boron/epoxy  also  is  detected  by  the  ultrasonic  test.  In  the  8-ply  panel  (B-26)  the  1/8-in. 
square  and  circle  are  barely  detectable  at  a  4-dB  sensitivity.  The  single  extra  ply  of  boron/epoxy  shows  up  more 


♦Registered  trademark,  E.  1.  DuPont  de  Nemours. 
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FIGURli  74.  ULTRASONIC  INSPECTION  OF 
VOID  PANEL  B-2‘) 


FIGURE  75.  ULTRASONIC  INSPECTION  OF 
VOID  PANEL  B-30 
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n.uliK  ihaii  in  tlie  In-ply  panel.  Some  unplanned  apparent  thicknes.s  discontinuity  areas  are  also  apparent  in  this 
p.inel.  1  he  ullrasonic  thru-scan  and  radiograph  inspection  records  for  adherend  panels  B-l 2  througli  B-28  are  shown 
in  .Appendi.x  D. 

Mai  king  and  machining  of  the  16  X  20-in.  boron  composite  adherend  panels  into  lap  shear  assembly  details  is 
^ho\'.n  in  Figure  76.  A  15/16-in.  wide  strip  was  cut  from  the  long  edges  of  each  panel.  Two  9-in.  long  tensile  test 
spcLimens  were  cut  Irom  each  strip  (four  per  panel).  These  had  glass-fabric/epoxy  (1581/5505)  load  pads  bonded 
(with  AF  126-2)  to  the  ends  for  the  monotonically  loaded  tension  test  which  provided  the  complete  stress-strain 
airve  lor  strength  and  modulus  determination  of  each  panel*.  Standard  constituent  properties  of  boron/epoxy 
laminates  are  presented  in  Appendix  B. 

F  iber  content  ol  each  panel  was  determined  by  the  fiber  count  method  using  from  two  to  six  specimens  cut  at 
each  end,  and  the  center  ol  each  of  the  strips  to  be  used  for  tensile  test  specimens.  Figure  76  shows  the  location  of 
the  strips  and  individual  specimens  relative  to  the  panel  and  adherend  pieces 


Panel  Edge 


i^ANKI. 


FIGURE  76.  QUALITY  CONTROL  AND  TENSILE  STRENGTH  TEST  SPECIMENS 


*'.See  Appendix  C  for  Test  Method,  Appendix  E  for  typical  data. 
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SLMION  Vll 


LAMINATH  AND  TITANIUM  ADHHREND  TEST  RESULTS 

Vll.l.  GENERAL 

Section  Vll  is  devoted  to  suiiimarizing  and  discussing  the  results  obtained  from  testing  composite  and  titanium 
adlieicnd  materials.  Section  Vll. 2  analyzes  the  Laminate  Adhcrcnd  Experimental  Results  whereas  Section  Vll. 3 
summarizes  the  Titanium  Adhcrcnd  Experimental  Results. 

Vll. 2.  LAMINATE  ADllEREND  liXl’ERlMENTAL  RESULTS 

Selected  typical  tensile  test  data  on  the  N-55(J5  boron/epoxy  laminates  are  given  in  Appendix  E.  There  are 
typical  stress-strain  curves  and  cro.ss-scction  photomicrograp  .s  presented  I'or  each  dill'ercnt  material  batch/orientation 
group  ol  lour  tensile  specimens.  A  summary  ol'  the  key  properties  has  been  made  from  the  detailed  data  and  is  shown 
in  Table  IX.  Typical,  representative  failed  specimens  are  covered  in  Ligures  77  and  78. 

VlL2.a.  Laminate  I'erformancc 

It  becomes  obvious  alter  study  of  this  data  that  laminate  tensile  specimen  pcrfcrmancc  was  not  up  to  par  with 
2nd  Edition  Design  Guide  data.*  In  an  attempt  to  estabHsli  the  magnitude  of  the  discrepancy  from  the  normal  or 
expected  values  the  unidirectional  data  were  analyzed.  I'anels  B-12,  13  and  18  from  material  Batch  No.  373  and 
Pattels  B-21  and  25  from  material  Batch  No.  381  were  lO),,/-  laminates  from  which  tensile  specimens  and  adherend 
tnatcrials  were  ctit  with  their  longituditial  axis  parallel  to  the  libers.  The  method  used  for  properties  prediction  was 
originally  proposed  by  Tsai" based  on  the  "rule  of  mixtures”  technique.  T  he  "k"  (and  k')  factor  used  by  Tsai 
was  called  a  fibei  misalignment  factor.  In  the  analysis  here  it  shall  be  called  the  “void  factor"  and  based  on  an 
empirically  developed  mathematical  form  of  the  huninate  decimal  void-volume  (V.V.).  The  results  of  this  study  along 
with  the  formulas  are  presented  in  Table  X.  These  formulas  give  results  which  are  strongly  dependeni  on  the  liber 
volume  (E.V.).  In  addition,  the  factor  Kq  (and  A'q)  is  a  function  of  the  matrix/fiber  modulus  or  strength  ratio.  Here 
anotlier  deviation  was  used.  Both  the  matrix  modulus  and  strength  were  utilized  as  being  the  average  of  the  matrix 
material  and  a  104  glass  scrim  lamiiiate.T'  .Since  the  tensile  stress-strain  curve  of  this  boron/epoxy  material  is  linearly 
elastic?  almost  to  tailure  it  was  felt  satislactory  to  use  the  rule  of  mixtures  technique  to  predict  ultimate  strength  as 
well  as  modulus. 

A  study  of  the  photomicrographs  of  Appendix  E  will  reveal  that  all  the  reinforcing  fibers  in  the  laminates 
were  badly  cracked  but  fully  encased  m  resin  throughout  the  crack  spaces.  Therefore,  it  must  be  assumed 
tint  tiu’  tiberx  wete  i  irn  !  ed  pt'ot  (n  lamimt-ng  tlu*  prepreg  mverial  iu  tlu*  Udi  pUu*u  ptess  U  Usii  is  issumi'J 
that  the  extensive  antount  of  cracked  and  broken  Libers  visible  in  the  photomicrographs  had  not  occurred  at  the 
limr  ol’ iJJU'ii'gHaSing  Hieni  wJlIli  rrsili  7111^  .siuujijh  iivu'i' li»ti'‘il  iint  ihf' jn  ^gtrirni  !lti/  (nt^  li-‘giu1(ifg  siufi  rili  o- 
sively  cracked  and  broken  fibers  would  have  been  impossible  by  present  methods.  There  is  the  possibility  of  course 
that  the  breakage  could  have  occurred  immediately  after  impregnating  due  to  handling  of  the  prepreg  manufacturer 
or  due  to  subsequent  l  andling  by  the  laminator.**  In  the  author’s  judgment  the  latter  two  possibilities  are  remote 


*i-f  =  1 88  ksi,/;’[  =30X  lO''’  psi. 
tSee  Appendix  B. 
iSometimes  in  two  stages. 

*\TwRl. 
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£iM8e  :e-vi£/t8£  ie,i8£  utoc  m  IiTVoTisTj  u  voc  ist  TorTsT]  TuT 


OMPOSITE  TENSILE  SPECIMENS 


TABLE  X 


UNIDIRECTIONAL  LAMINATE  PERFORMANCE 


Batch 

Panel 

No. 

Panel 

F.V. 

Panel 

v.v. 

Panel 

Density, 

Ih/in.-' 

Exper. 

A„. 

10'’  psi 

Calc. 

Av. 

10'’  psi 

X  100, 

'-V 

% 

Exper. 

o„. 

ksi 

Calc. 

ksi 

X  100, 

Itt 

7r 

B-12 

0.536 

0.160 

0.0643 

26.767 

31.140 

85.96 

122.539 

168.739 

72.62 

.373 

B-1  3 

0.498 

0014 

0.0688 

27.682 

29.752 

‘>3.04 

146.738 

184.934 

79.. 34 

1M8 

0.501 

0.040 

0.0678 

28.312 

29.938 

94.57 

147.726 

181.090 

81.58 

381 

B-21 

0.520 

0.018 

0.0697 

29.535 

31.021 

‘>5.21 

177..t87 

1 9 1 .608 

92.58 

B-2.9 

o 

o 

0 

0.0698 

28.701 

30.2 1 8 

‘>4.98 

177.856 

190.080 

9,3.57 

I'orimilas 


Moiluliis 

/■\=A7;,|I  A„(l  I-''. 
A  =  l  (VV.)= 


Si  rcngih 


=  A'/- 


/ 


a;, (I  I- V. 


A,,  = 


In, 

I-, 


A'-().H(X1  VA'.) 

/• 


An  - 


(.1.2  -I  ().4.S7)  X  !()'■ 


I’lopi'i  Ik's 


^  I  ..S44  s  10''  psi 


.i7.S  +  4.IS4 


=  ksi 


/; f  =  5.S.()  '■  1 0''  psi 


i ,  =  4?().l)  ksi 


because  ( 1 )  liandling  llic  material  altei  impiegnaiing  docs  iioi  usuallv  mvulvo  severe  mechanical  imphigemenis  and 
(2)  making  llal  lamiiiales  does  not  normally  induce  such  damage.  Since  lliis  fiber  was  one  ol'  'lie  first  batches  delivered 
alter  the  twisted  fiber  episode  with  the  fiber  makers  was  solved,  the  liber  niamiracture  appears  to  be  at  fault.  It  is 
the  authors' judgment  that  built-in  residual  stresses  in  the  boron  fibeis  caused  cracking  and  breaking  at  some  time  after 
impregnation  but  before  curing. 

\Vliat  IS  amazing  about  this  problem  is  that  only  the  tensile  tests  and  phuioniicrographs  uncovered  the  phenom¬ 
ena  and  the  Hexure  tests  and  ultrasonic  and  radiograph  inspections  on  the  cured  panels  did  nut  reveal  the  problem. 

For  Material  Batch  373  in  Table  X  it  can  be  seen  that  Panel  B-12  had  a  very  liigli  void  volume  (Ki'a)  with  a 
resultant  substantial  reduction  in  the  tensile  properties  from  that  of  the  low  void  volume  laminate  of  Panels  B-I3and 
B-1  S.  Panel  B-12  exliibited  properties  realization  percentages  of  85.%76  for  modulus  of  elasticity  and  72.029;  for 
strength  whereas  the  average  of  Panels  B-1 3  and  B-I8  gave  93.809;.  for  modulus  and  80.469;  for  strength.  This  illus¬ 
trates  the  reduction  caused  by  a  high  void  content.  Longitudinal  lle.xure  acceptance  tests  showed  'his  material  passed 
the  minimum  strength  required  (225  ksi)  by  9%  while  the  modulus  failed  by  591..  Transverse  ne.xu.al  strength  was 
429;  above  requirements  (10  ksi)  whereas  interlaminar  shear  strength  exceeded  minimum  requirements  (13  ksi)  by 


90 


only  3%,  Wliile  the  flexure  acceptance  test  predicted  closely  what  would  happen  to  the  tensile  modulus  the  flexural 
strength  was  not  even  close  as  a  predictor  of  tensile  strength. 


Material  Batch  381,  received  later,  was  substantially  better  than  373  as  indicated  by  both  the  acceptance  tests 
and  the  tensile  tests.  However,  the  modulus  and  strength  reali.ration  percentages*  are  still  only  95. 10%  and  93.08%, 
respectively,  as  shown  by  the  average  of  Panels  3-21  and  B-25.  This  compares  with  longitudinal  flexural  strength  and 
modulus  values  which  exceeded  the  requirements  by  21%  and  5%,  respectively.  Transverse  flexural  strength  exceeded 
that  required  by  4i%  whereas  horizontal  shear  strength  exceeded  that  required  by  20%. 

All  this  indicates  that  the  flexure  and  interlaminar  shear  tests  for  acceptance  are  not  good  measures  of  cracked 
or  broken  fibers  even  though  they  may  be  good  checks  on  impregnation  and  lamination  processing  variables. 

Because  of  the  fiber  breakage  problem,  which  was  detected  from  photomicrographs  on  all  panels  regardless  of 
orientation,  all  of  tlie  longitudinal  tensile  properties  are  somewhat  low.  However,  it  is  doubtful  tliat  the  transverse 
tension  and  shear  tests  of  (0]  laminates  would  show  any  reduction,  although  transverse  tests  on  the  angleply  ones 
would  probably  exhibit  some  degradation. 

VH.2.b.  Laminate  Orientation  Sequence  vs  Performance 


An  interesting  phenomena  is  tlie  variation  of  properties  with  laminate  orientation  sequence.  For  the  general 
crossply  (0/90)  orientation  type  the  following  comparison  illustrates  this  point. 


Panel  Nos. 

F.V. 

Orientation 

B-I5/B-19 

0.510 

((0/90)8/0ly 

B-23 

0.505 

(O/Wj/Ojay 

v.v. 

^’(7.  kM 

Ay.  lu'’  psi 

Baich 

0 

53.'t‘t3 

16.504 

373 

0 

40.005 

15.356 

381 

13. ‘>8  8 

I  ■  144 

Diff. 

Dili. 

The  (0/902 /O)  4  7'  orientation  exhibits  a  2()'<  reduction  in  strength  and  a  7'i  reduction  in  modulus  compared  to 
the  l(0/90)g/0]  T  one.  fhis  occurred  in  spite  of  the  fact  that  the  |0'‘t02  '0(4  y  orientation  laminate  was  .nade  from  a 
substantially  superior  batch  (381 )  ot  material.  While  the  1 2-1  ,'2''t  more  0°  plies  in  the  first  one  over  the  second  one 
may  account  for  the  modulus  change  it  does  not  account  lor  all  of  the  strength  change. 


Another  comparison  can  be  made  with  the  general  0/±4S'"  orientation  as  shown  m  the  following  table. 


Item 

Panel  Nos. 

F.V. 

Orientation 

V.V. 

oy.  ksi 

/:'y.  10^  psi 

Batch 

1 

B-16 

0.468 

I0/+45/0/  45/OI5 

0 

00.036 

18.435 

37/5 

2 

B-24/B-28 

0.500 

(0/ +45/0/  45/0(5 

0 

06.300 
6.3  5'4 
Diff. 

17.280 

V.ilo 

Diff. 

381 

3 

B-17 

0.520 

[(0/+45/0/  45)^/015 

0 

88.000 

16.880 

373 

4 

B-22 

0.406 

[{01+4510!  45)qIG\s 

0 

100.660 

■21.(560 

Diff. 

18.476 

1 .506 
Diff. 

38 1 

5 

6 


B-22 

B-26 


0.496  [(0/+45/0/--45)^/0]i'  0  109. j69 

0.484  [(0/145/0)^]  5  0  93.524 

'16.145 

Diff' 


18.47(5 


381 


381 


*As  measured  in  tension. 


17_.027 

”1  .’449 

Diff. 


Ill  Items  1  and  2,  identical  nine-ply  orientations  are  compared  for  the  two  different  material  batches.  Items  3  and  4 
compare  identical  scver.iccn  ply  orientations  of  the  two  different  material  batches.  The  strength  values  cf  Material 
Batch  381  show  7%  and  25%  improvement,  respectively,  over  those  of  Batch  373  while  the  modulus  values  are  about 
Ltui  iinw  iVir  iJh  two  pwt  ot'  i'-s.*.  ^  ihv.  l(j/44Sr'w  j]s  ^^tierdatTtJi.  thu 

one  is  shown  in  Items  5  and  6.  The  first  orientation  shows  an  improvement  of  17%  in  strength  and  9%  in  modulus 
over  the  secono  one  with  both  laminates  being  of  the  same  batch  of  material.  Again  the  strength  increase  is  greater 
than  would  be  >r.d;cated  by  the  12-1/2%  increase  in  0°  plies  whereas  the  modulus  increase  could  be  accounted  for  by 
this  difference. 

A  direct  comparison  of  Panels  B-23,  B-I5/B-19,  B-26,  and  B-22  is  made  below  showing  the  trend  of  improve¬ 
ment  with  change  of  basic  orientation  and  sequence. 


Item 

Panel  Nos. 

F.V. 

Orientation 

V.V. 

agf,  ksi 

/;>,  10"'  psi 

Batch 

1 

B-23 

0.505 

[0/90,/0l4/' 

0 

40.005 

15.356 

381 

- 

B-I5/B-19 

0.510 

1(0/90)8 /Ol  •/• 

0 

53.993 

16.504 

373 

3 

B-2b 

0.484 

|(0/±45/0)yJi■ 

0 

9.)  .5 14 

17.027 

381 

4 

B-22 

0.496 

|(0/+45/0/  45)^/0),v 

0 

109.669 

18.476 

381 

hrom  these  comparisons  it  appears  that  the  general  0/145"  orientation  is  stronger  and  stiller  than  the  general 
0/'>0"  orientation  and  that  I'urther  iiiipruvemeiit  can  be  made  by  separating  eiil  er  the  plus  and  minus  45  '  plies  or  the 
90"  plies  by  0°pli'’s. 

The  orientations  and  thicknesses  selected  loi  adherend  materials  are  believed  lo  be  represeniaiive  oi  those  used  in 
the  aiMispace  indu.  try.  They  cover  ten  orientation Ohickness  combinations  in  ihe  filiecn  If)  '•<  20  in  tlai  panels  made, 
from  which  adherends  were  cui  for  the  bonded  joint  program. 

V11.3.  1  ITANIUM  AOlll  RliM)  liXPl.KlMh.NTAL  KI  SUi.TS 

The  other  adheiend  material  was  ()A14V  annealed  titanium  sheet  purchased  Irum  1  il.inium  .Metals  (  orp.  (T.MC  1. 
hour  nominal  ihicknesses  weie  used.  These  were  O.OlO,  0.032. 0.045  and  0,090  in.  fwo  straight  :  ided  tensile  speci¬ 
mens  were  lested  from  each  ihickness  with  the  same  equipment  and  instrumentation  used  to  test  the  composite  tensile 
specimens  and  the  bonded  joints.  /U'orage  stress-strain  curves  for  each  thickness  are  coniained  in  Appendi.x  h.  .-X 
summary  of  these  properties  is  picsented  m  fable  XI  whereas  higure  79  presents  typical,  representative  tensile  speci¬ 
men  failures.  These  average  curves  ol  Appendi.x  h  .vere  used  to  obtain  the  Ramberg-Osgood  paiameters  for  use  in  the 
nonlinear  analysis  of  bonded  joints  with  at  least  one  of  the  adlif-.'iids  made  of  titanium.  Properties  measured  com¬ 
pared  reasonably  well  with  I MC  and  handbook  typical  properties.  It  can  be  observed  from  these  data  that  the  titan¬ 
ium  becomes  fir  more  nonlinear  than  the  composite  materials  studied  in  this  bonded  joint  investigation. 


TABLE  XI 


6AL4V  TITANIUM  SHEET  PROPERTIES  SUMMARY 


Norn. 

Sheet 

Parameter 

Thickne.ss.  in. 

0.016 

0.032 

0.045 

0.090 

//iC'TUn- 

0.0165 

0.0315 

0.0455 

0.0925 

o„,ksi 

!  46.026 

129.607 

137.523 

134.860 

r;,,,  ksi 

1 .56.500 

128.850 

135,200 

131.400 

OfA.k.si 

1 1 6.834 

125.356 

123.584 

1 12.700 

0.3074 

0.3086 

0.3184 

0.2902 

X  1 0  '■ 

17.756 

15.514 

17.251 

16.096 

Ci^,  X  10  in./in. 

9.575 

10,225 

9,750 

9,985 

J2j,  XU'  "*  in./in. 

2,700 

5,7.50 

2,800 

2,907 

Cipt  Y  10'  in./in. 

6,590 

8,074 

7.171 

7,004 

<^2pv  X  10*’  in./in. 

2.012 

2,575 

2,312 

2,038 

c,„  X  lO'’  in./in. 

46,636 

20,934 

38,260 

2 1 .300 

Cj,,  X  1 0''  in./m. 

9,120 

7,885 

14.362 

3,735 

TMC  Typ. ksi 

146.200 

1.38.000 

137.500 

138.400 

TMC  Heat  No. 

G-9075 

1 

G-9072 

G-9520 

K-3793 

*Properties  were  obtained  by  use  ol  straight  sided  composite 
conrigiiration”  tensile  specimen  one  inch  wide;  gripping  tensile 
specimens  was  by  direct  contact. 
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FIGURE  79.  TVTICAL  FAIL  :DTi  6A1-4V  ANNEALED  TENSILE  SPECIMENS 
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SECTION  Vlll 

BONDED  JOINT  PROCESSING 


Vlll.l.  GENERAL 

This  section  covers  the  processing  and  fabrication  of  the  simple  specimen  bonded  joints.  Section  VIII. 2  pre¬ 
sents  the  Adhesive  Acceptance  Test  Results  whereas  Section  VIII.3  covers  the  Simple  Specimen  Joint  Fabrication. 

VIII. 2.  ADHESIVE  ACCEPTANCE  TEST  RESULTS 

A  summary  of  the  last  acceptance  lest  results  for  both  the  old  and  new  batches  of  the  two  adhesive 
systems  (AF-1  26  and  MB-329)  used  in  this  program  is  pre.sented  in  Tables  XII  and  XIIl.  These  tests  were  run 
on  29  October  1970.  Earlier  acceptance  tests  were  run  on  the  first  Batch  (724)  of  Scotchweld©*  AF-I26-2 
adhesive  on  1  5  March  1970.  The  later  Batch  (739)  of  AF-1 26  adhesive  was  llrsl  tested  on  24  July  1970.  Initial 
acceptance  tests  mi  the  Metlbond©]'  329  adhc.sive  batches  were  performed  on  ( I )  the  first  Batch  345/47  on 
15  March  1970  and  (2)  the  later  Batch  .360/40  on  24  July  1970.  Batch  739  of  AF-1 26  and  Batch  360/40  of 
Metlbond  329  were  used  in  fabricating  the  lap  shear  assemblies  for  this  program,  fhe  data  from  these  tables 
(XII  and  XIII)  indicate  that  some  degradation  occurred  with  aging,  however,  all  tests  passed  the  MMM-A-132 
specification  requirements. 

VIIL3.  SIMPLE  SPECIMEN  JOINT  FABRICATION 

Single  and  double  lap  shear  a.ssemhiies  were  fabricated  in  accordance  with  Figures  80  and  81  covering  both 
horon/epoxy  to  boron/epoxy  and  horoii/epoxy  to  titanium  joints  with  each  adhesive  system.  A  detailed  listiiu; 
of  the  single  and  double  lap  shear  assemblies  for  single  and  double  lap  joints  with  boron/epoxy  to  boron/epoxy 
adherends  utilizing  both  adhesive  systems  is  shown  in  Table  XIV.  The  boron/epoxy  to  titanium  single  and  double 
lap  shear  assemblies  with  both  adhc.sive  systems  are  shown  in  Table  XV.  Fiberglass  labs  were  bondeil  on  the 
boron/epoxy  adherends  with  Eastman  910.  Tabs  were  not  used  on  the  titanium  adherends. 

It  was  originally  intended  ilia'  'hrec-slep  lap  joints  would  be  made  by  machining  steps  into  the  boroiCepoxy 
laminates  and  lilanium  with  subsequent  matching  and  bonding  as  shown  in  l-igure  82.  Machining  such  steps  in 
boron/epoxy  proved  nearly  impossible  with  slatc-of-lhc-arl  diamond  tools  and  cutting  equipment.  In  consulting 
the  Design  Guide  and  several  recent  research  inveslig:  'ions  on  machining  boron/epoxy  composites,  nothing  was 
found  to  guide  our  efforts  on  machining  steps.  After  contacting  the  mamifacluriiig  experts  of  several  aerospace 
companies  it  was  found  that  most  organizations  lay-up  and  mold  in  the  steps,  usually  in  combination  with 
bondii'13.  Hovvcvei,  jvvLial  iduas  wtic  obtdiiu.d  on  how  stcja  luaLhnnii^  in  boiul'i/apo.xy  materials  Otigllt  be  JcinC. 
One  idea  was  tried.  Several  diamond  cup  culling  wheels  were  tried  with  little  success.  After  cutting  the  ilnee 
.stCjj.i  111  two  ui  1  i  eicilt  buioii/Lpoxy  'luinniait  aUiicitnu  luataiuiia  aiiu  s'lai  uii^  on  a  tuna,  tiit  locAs  wt  n.  Wvn  ii  uu'i. 
The  manhour  expenditure  and  the  culling  tool  wear  rale  on  fabricating  the  steps  that  were  made  weie  nrohibitive. 

Une  maclimed  step  lap  jomi  was  made  as  shown  in  Figuie  83.  All  olliei  step  lap  joints  weie  made  1  lom  the 
unmachined  details  that  were  originally  scheduled  to  be  used  in  the  machined  step  lap  program.  Three  types  of 
muhipie-iaminate  step  lapjoims  were  maue.  Viit  fust  was  a  .sing'ie  siep  lap  joiiii  s’nowii  inVigurt  anu  iiie 
second  was  a  double  step  lap  joint  shown  in  Figure  85.  Figure  86  pre.sents  the  triple  step  lap  joint  design. 

because  oi  the  large  overlap  involved  some  volaiiles  were  uapped  ni  die  siep  lapjoinis.i.  bonded  wnli 
MB-329  and  as  a  result  they  had  multiple  small  voids  in  the  bondlines  which  gave  lower  than  desirable  results. 

^le  voids  were  visiore,  unmagniTied  on  die  edges  of  fiie  bunuiiiies.  Ain  'A^'-i  h.>  .siep  lap  join'is  pciioi  med  weVi. 


*Registered  trade  name  of  the  3M  Company 
tRegistered  trade  name  of  the  Whittaker  Corporation 
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•IGLRliKO.  LAl'SHLAK  ASSLMBLY  SINGLli  LAP  JOINT 


FIGURE  81.  LAP  SHEAR  ASSEMBLY  DOUBLE  LAP  JOINT 
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TABLE  XV 


SINGLE  AND  DOUBLE  LAP  SHEAR  ASSEMBLIES-BORON/TITANIUM 


I-lGURi:.s:.  LAP  SHliAK  ASSHMBLY  STEP  LAP  JOINT 


r\P  JOINT 


•\i>  JOINT 


FIGURE  87.  LAP  SHEAR  ASSEMBLY -SCARF  JOINT 


SECTION  IX 


BONDED  JOINT  TEST  RESULTS 


lX.l.  GENERAL 

Ttiis  Section  presents  the  experimental  results  of  the  simple  specimen  bonded  joint  testing  conducted  in  this 
prergram.  Two  hundred  and  three  specimens  covering  two  adltesives,  three  lap  configurations,  three  basic  composite 
adherend  ,lbcr  orientations,  and  two  adherend  material  combinations  were  '  istcd.  Six  representative  samples  of 
these  specimens  were  extensively  strain  gaged  and  tested  for  detailed  behavior  study. 

Section  IX. 2  presents  the  Simple  Specimen  Data  Summary  based  on  the  detailed  data  covered  in  Appendix  E. 
Section  IX. 3  gives  the  results  of  the  Special  Joint  Investigation  Data  Summary  covering  the  six  joints  which  were 
extensively  strain  gaged. 


1X.2.  SIMPLE  SPECIMEh  JATA  SUMMARY 

A  summary  of  all  the  simple  specimen  lap  joint  tests  is  contained  in  Tables  XVI  through  XXIV  along  with  the 
failed  specimen  photographs  presented  in  Figures  88  through  103.  Each  lap  shear  assetnbly  number  identified  in 
these  tables  represents  an  average  of  three  or  four  specimens  taken  from  it  and  tested,  fhe  total  number  of  simple 
specimens  tested  was  203  and  the  detailed  data  tables  arc  located  in  Appendix  F.  There  were  72  single  lap.  108 
double  lap,  and  23  step  lap  joints  tested  covering  cotnposite/composile  and  compositc/titanium  bonded  joints 
utilizing  two  adhesive  systems:  a  nitrile-epoxy  low  stiffness-high  elongation  (LS-llE)  system*  and  an  epoxy-novolak 
high  stiffness-low  elongation  (IlS-LE)  .system.f  Selectively  covered  were  three  basic  orientatirrns  of  the  boion/epoxy 
adherend  materials  with  sequettce  variations  on  two  of  these.  The  titanium  adherend  materials  were  the  (rA  I  -4V 
alloy  iti  the  annealed  conditioti.  Data  oti  the  adherend  mati rials  was  previously  covered  in  Section  Vll. 

From  Tables  XVI  and  XVIII,  the  graph  in  Figure  104  summarizes  the  single  lap  composite/composiic  Joint 
data  on  the  two  adhesives  whereas  the  graph  in  Figure  lO.S  (taken  from  Tables  XVII  and  XIX)  presents  the  data 
on  the  double  lap  composite/composite  jrrints  with  the  same  two  adhesives.  In  Figure  104  rrn  load  transfer  capa¬ 
bility  of  single  lap  composite/composiie  joints  it  can  be  noted  that  the  curve  slope  increa.ses  with  increa.sed  adherend 
stiffness,  decreased  adhesive  stiflness,  and  increased  adhesive  elongation.  By  contrast  the  change  in  slope  due  to 
these  same  property  variables  is  much  less  in  double  lap  joints  as  shown  in  Figure  105.  In  fact  all  other  slopes 
exi^ept  one  are  i.lose  to  being  the  same.  I'oi  this  v.x>.eptic>n  it  appears  that  the  high  Foisscat’.-*  ratici  ol'  tlie  ba,>ii. 

0/±45°  orientation  adherend  is  detritnental  when  used  with  the  high  stiffness-low  elongation  epoxy-novolak  adhe- 
;sive.  Alio  prctiCrttcd  in  Figure  fJ5  arc  stop^sof  data  pirints  WhicE  repTcsent  poor  i.(trdtfty  sp'^-Tn.cn.-),  ihu.sltating 
the  deleterious  effects  of  interface  region  failure. 

On  the  cemposite/titanium  joitits  summarized  in  Tables  XX  and  XXll  the  graph  in  Figure  lOh  presents  the 
data  on  the  single  lap  joints  with  both  adhesive  systems  whereas  the  graph  in  Figure  107  (ttiken  from  Tables  XXI 
and  XXIll)  give  them  for  the  double  lap  joints  utilizing  the  two  adhesives.  The  same  son  of  trend  in  load  transfer 
capability  exhibited  in  Figure  104  for  the  single  lap  ioints  is  evident  in  Figure  lOh.  Higher  slopes  result  frmn  higher 
aiHiciend  stifftwrees  ami  adlwsive  elmigatioii*:  plus  lower  adltcjivc  moduU.  Ftgutc  I J7  rl*:o  e.xhibW*  (Iw  same  itetids 
as  were  shown  in  Figure  105.  In  fact  all  but  one  of  the  adherend/adhesive  combinations  plot  on  the  same  line:  this 
.me  Aitli  i.He  .'fterttalF.m  aJIiErtnds  bimJed  b^getlief  i-vidi  Jlwbigb  stifftts*  low  cl'H'.gjdtwi  ep\-!sy 

adhesive  gives  a  slightly  lower  slope,  probably  because  of  Poisson’s  ratio  effects.  Again,  poor  quality  specimen 
results  are  shown.  These  had  poor  adhesive  materials  quality  in  the  bondline.  Also  the  •slopes  of  the  double  lap 
joint  curves  are  generally  higlier  than  those  of  the  single  lap  graphs. 


*3M  Company’s  AF-I  26-2. 


T.N'armco’s  Metibond  329. 
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TABLE  XVI 

COMPOSITE/COMPOSITE  SINGLE  LAP  JOINT  DATA  SUMMARY  (LS-HE) 
AF-1 26-2,  Nominal  Width  - 1 .000  In. 
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TABLE  XVI 1 1 


COMPOSITE/COMPOSITE  SINGLE  LAP  JOINT  DATA  SUMMARY  (HS-LE) 
MB-329,  Nominal  Width- 1 .000  In. 
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COMPOSITE/COMPOSITE  DOL'BI  .  LAP  JOINT  DATA  SUMMARY  (HS-LEl 
MB-'O^t.N-  -lalWid'h  1.000  In. 
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COMPOSITE/TITANIUM  SINGLE  LAP  JOINT  DATA  SUMMARY  (HS-LE) 
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FIGURE  105.  DOUBLE  LAP  COMPOSITE/COMPOSITE  JOINTS  LOAD  TRANSFER  CAPABILITY 


FIGURE  106.  SINGLE  LAP  COMPOSITE/TIT.ANIUM  JOINTS  LOAD  TRANSFER  CAPABILITY 


FIGURE  107.  DOUBLE  LAP  COMPOSITE/TITANIUM  JOINTS  LOAD  TRANSFER  CAPABILITY 


1  iiiiiied  step  lap  test  data  were  obtained  in  this  program  and  are  summarized  in  Figure  108  (taken  Irom 
I  able  XXIVI.  Examination  of  Figure  108  will  reveal  that  the  same  trends  are  in  effect  as  with  the  single  lap  joints 
with  the  addition  of  one  new  trend.  This  is  that  the  slope  also  increases  as  the  number  of  steps  are  increased  from 
one  to  three.  It  should  be  noted,  as  shown  in  Section  Vlll,  that  these  are  single  step-lap  joints.  This  configuration 
is  piobably  more  related  lu  single  lap  joints  than  lire  double  lap  ones,  as  slope  compaiisous  willi  Figuies  lu4  ami 
10(i  will  show.  The  load  transfer  shown  for  these  joints  is  that  of  tlte  “gross  section”  rather  than  the  “net  section,” 
therefore,  tliis  capability  looks  low  for  the  one  step-lap  joint.  However,  net  section  calculations  would  double  it. 
Curve  3  does  give  a  highei  =:lope  than  the  best  of  the  single  lap  data  but  not  quite  as  good  as  the  best  of  the  double 
data.  Flits^  Ifends  probably  inJicaU*  that  an  high  ;f  iiJinbeT  of  wrraltl  lutlbn  Inertase  Hw  slo,  ^  a* 
would  changing  the  configuration  to  that  of  a  double  step  lap.  In  this  case,  the  low  quality  specimens  had  void.s 
in  the  bondline. 

It  should  be  brought  to  the  readers  attention  that  the  above  graphical  analysis  was  performed  only  on  the 
composite/composite  and  composite/ntanium  joints  utilizing  the  O'*  and  0°/±45  general  adherend  orientations 
with  both  adhesives.  Data  utilizing  both  adherend  combinations  and  both  adhesive  selections  were  also  obtained 
using  the  0/90°  orientation,  but  not  as  extensively.  Only  double  lap  and  step  lap  data  were  obtained  with  this 
orientation. 

Testing  of  ihe  lensile  lap  shear  simple  specimens  was  performed  in  a  Muliirange  Baldwin  Tesi  Machine  at  a 
constant  deflection  rate  of  0.0025  in./min  (over  a  2-in.  gage  length  over  the  bond  area).*  An  autograpliically  re- 
i.oTilcd  road  JcueLtiaiT  Curve  was  oirtaiiUd  to  failure  oureach  spreJultri  uvcT  this  2dTi.  length  wilh  a  intrrtr- 
range  TSMD  extensometer.  Temperature  and  humidity  during  testing  were  70°  ±  4°F  and  S07c  ±  ICT^ .  respectively. 

Figures  109  and  1 10  are  characteristic  of  the  type  ol  load/deflectiont  curves  that  were  obtained  from  the 
joint  .specimens,  the  characieristic  difference  being  that  the  joint  with  the  low  stiffness-high  elongaiion  adhesive 
has  a  curve  which  exhibits  some  nonlinearity  while  the  higli  stiffness-low  elongation  adhesive  curve  is  linear  to 
failure.  The  LS-HE  adhesive  joint  is  stronger  but  gives  a  sliglitly  lower  curve  slope  compared  to  the  H.S-LE  joint. 

A  detailed  description  of  these  two  example  joints  follows; 

Figure  109  represents  a  1-in.  wide  double  lap  joint  with  0.045-in.  thick  6AMV  annealed  Ti  double  adherends 
and  a  [(0/+45/0/-45)q/0]5  17-ply  boron  epoxy  single  adherend  0.087  in.  thick.  The  overlap  length  was  0.687  in. 
with  the  AF-I  26-2  nitrile  epoxy  low  modulus,  high  elongation  adhesive  bond.  Failure  was  predominately  cohesive 
and  surface  resin  fracture  at  a  bondline  average  shear  stress  of  5,444  psi.  Adherend  average  tensile  stress  was 
86,023  psi.  The  load  transfer  capability  of  joints  made  with  this  adhesive  system  were  very  high,  regardless  of 
adherend  stiffness  lap  length,  or  lap  type. 

Figure  llO  presents  a  1 -in.  wide  double  lap  joint  with  0,047-in.  thick  [0/+45/0/  45/0] 9-ply  boron/epoxy 
double  adherends  and  a  0.087-in.  thick  ((0/+45/0/-45)q/0]5  17-ply  boron/epoxy  single  adherend.  Overlap  length 
was  1 .75  in.  using  the  Metlbond-329  high  modulus,  low  elongation  adhesive  system.  Failure  was  predominately 
at  the  interface  region  between  the  laminate  and  the  adhesive  at  a  bondline  shear  stress  of  1,154  psi  and  an  adher¬ 
end  average  lensile  stress  of  45,384  psi.  The  load  transfer  capability  of  these  joints  range  from  very  high  to  very 
low  depending  on  adherend  stiffness,  lap  length  and  type. 

By  contrast  Figure  109  represents  a  high  quality,  high  performance  joint  and  Figure  1 10  illustrates  a  low 
quality,  low  performance  joint.  Their  characteristic  failures  are  the  key  to  their  quality  differences,  although  the 
adliesive  shear  stresses  will  always  be  low'er  with  larger  overlaps  on  high  modulus,  low  elongation  bondline  materials, 
it  has  been  found  that  the  type  of  failure  typified  by  the  joint  whose  mechanical  behavior  curve  is  shown  in  Fig¬ 
ure  109  has  a  predictable  failing  load  with  the  nonlinear  bonded  joint  analysis  techniques  developed  in  this  program 
using  a  maximum  stress  adhesive  failure  criterion  (i.e.,  for  the  low  modulus,  high  elongation  adhesive).  Failures 
in  the  liS-LE  adhesive  joint  can  also  be  predicted  by  this  criterion  when  failures  are  cohesive  or  surface  resin  fracture 


*i.e.,  strain  rate  0.00125  in. /in./min. 

■i  Dellection  divided  by  the  2-in.  gage  length  gives  gross  strain. 
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However,  tailures  cannot  be  predicted  for  either  adhesive  system  when  failures  occur  like  the  one  on  the  specimen 
whose  mechanical  behavior  is  described  in  Figure  1 10.  This  illustrates  that  a  lack  of  adhesion  exists  at  tlie  interface 
legion  and  results  in  behavior  which  is  not  predictable  by  current  nonlinear  orthotropic  mechanics  methods  without 
empirical  modification.  It  is  suspected  that  this  is  a  materials  and  processes  quality  problem  and  therefore  should 
not  be  considered  in  design/analysis.  Whenever  such  a  condition  cannot  be  prevented  it  should  at  least  be  identified 
and  isolated  as  was  done  herein  in  order  for  the  results  to  be  analyzed  in  a  meaningful  manner. 

The  types  of  failure  observed  in  the  simple  joint  program  can  be  generally  divided  into  the  following  classes: 

A.  Adhesive/Adherend  Interface  Adhesion  Failure 

B.  Adherend  Surface  Resin/Reinforcing  Fiber  Interface  Adhesion  Failure 

C.  Cohesive  Fracture  of  the  Bondline 

D.  Cohesive  Fracture  of  the  Adherend  Surface  Resin 

E.  Delamination,  Splitting 

F.  Adherend  Net  Section  Tension 

The  first  two  types  (A  and  B)  almost  always  occur  as  a  result  of  materials  or  process  quality  beiiig  low.  Fail¬ 
ures  ol  this  type  usually  occur  at  lower  joint  load  transfer  magnitudes  than  those  failing  by  other  means.  The 
nonlinear  bonded  joint  analytical  methods  will  not  predict  these  failure  types  or  load  magnitudes. 

Failure  modes  C  and  D  represent  high  duality  specimens  which  have  predictable  failure  modes  and  magnitudes 
with  the  nonlinear  joint  analysis  techniques.  The  maximum  stress  failure  surface  can  be  used  to  predict  the  C  and  D 
failure  types  with  the  nonlinear  theory.  Occasionally  poor  adhesive  ( or  matrix  resin)  material  or  improper  cure  will 
result  in  low  magnitude  test  values  with  the  C  or  D  failure  type. 

Delamination  and  splitting  type  failure*  is  associated  with  laminate  behavior,  probably  emanating  from  some 
sort  of  micro-mechanical  damage  occurring  during  non-failure  loading.  However,  this  has  not  been  proven  for 
boron/epoxy  laminates.  Large  differences  in  modulus.  Poisson’s  ratio,  or  thermal  coefficient  of  expansion  of  the 
two  adlierend  materials  could  be  a  contributing  factor  as  well  as  a  low  quality  laminate.  In  any  case  the  present 
nonlinear  techniques  cannot  predict  these  failure  types  or  magnitudes  without  further  modification, 

Adherend  net  section  tension  failurest  were  observed  on  those  specimens  designed  to  fail  in  this  fashion  and  the 
failure  stress  magnitudes  were  approximately  equal  to  the  experimentally  measured  tensile  strength  of  the  composite 
and  titanium  materials.  Failure  predictionscan  be  accomplished  with  the  nonlinear  techniques  using  maximum  strain 
failure  criteria  fur  the  composite  adherendsand  maximum  stress  failure  criteria  for  the  titanium  adherends. 

IX. .T  SPECIAL  JOINT  INVE.STIOATION  DATA  SUMMARY 

Six  composite/titanium  bonded  johns  were  selected  from  the  simple  specimen  program  reported  in  Sec¬ 
tion  IX. 2  for  in-depth  experimental  behavior  study.  These  “special"  joints  cover  the  single,  double  and  step-lap 
configurations  with  both  adhesive  .systems  and  one  composite  material  orientation  category  (0  ±45°).  The  joints 
chosen  for  study  were: 

No.  of 


No. 

Joint  Type 

Adhesive 

Strain  Gages 

LS  A-20- 1 

S.L. 

AF- 126-2 

4 

LSA-23-1 

D.L. 

AF- 126-2 

4 

LSA-5M-1 

S.L. 

MB-.J26 

2 

LSA-62-1 

D.L. 

MB-.J26 

6 

LSA-1 1-4 

1-St.L. 

MB-.J26 

5 

LSA-26-4 

2-St.L. 

AF- 126-2 

6 

Detail  experimental  data  at  failure  on  these  joints  appear  in  Appendix  F. 


*Type  E. 
±’I  ype  E. 
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llu'  method  used  for  presenting  (lie  experimental  data  is  tlie  familiar  stress-strain  curve.  Stresses  used  were  the 
;t\ei.ige  calculated  values  based  on  the  adherend  cross-section  area  outside  the  joint  overlap.  Strains  were  those  mea- 
suii'd  JirectK  on  the  adherend  surfaces  at  selected  longitudinal  centerline  locations. 

Data  on  LSA-20-1  are  presented  in  Figure  1 1 1.  A  map  of  these  strains  vs  overlap  location  are  shown  in  Fig¬ 
ure  112.  Strains  at  four  composite  adherend  stress  levels  were  mapped:  10,  60,  80  and  92.437  (failure)  ksi.  The 
Hi. St  stress  level  ( 10  ksi)  was  picked  so  that  both  the  average  adherend  and  adhesive  behavior  were  still  in  the  linear 
laiige.  The  second  stress  level  (fau  ksi)  was  picked  so  lhai  the  average  adlieiend  beliaviui  vvoulJ  still  be  linear  (Just 
below  the  P.L.)  but  the  adhesive  would  be  nonlinear.  At  the  third  stress  level  (80  ksi)  both  the  adherend  and  the 
adhesive  average  stress  levels  are  in  the  nonlinear  range.  Failure  stress  level  (92.437  ksi)  was  selected  as  the  fourth 
one  with  fracture  occurring  by  net  section  tension  in  the  composite  at  about  the  same  stress  as  the  average  tensile 
siieiigth  data  an  p,mcl  O-Ui  mdkat,..  T rauSvcTsc  CuiTiiiosilv,  afl'iiCTi-ritl  slTams ViigW.  as  WooW  be  LxpLcicu 
with  the  higli  Poisson’s  ratio  of  the  0/±45°  oiientation. 

Figure  1 13  gives  the  LSA-23-1  joint  strain  behavior  as  a  function  of  average  adherend  stress  level.  Failure 
characteristics  of  this  series  of  joints  (covering  also  LSA-23-2  and  23-3)  is  shown  in  Figure  1 14.  Primary  failure 
was  caused  by  cohesive  fracture  of  the  adhesive  and  composite  surface  resin.  Strain  maps  of  both  the  composite 
and  titanium  adherend  are  shown  in  Figure  1 15.  Again  the  four  adherend  stress  levels  were  picked  for  the  same 
reasons  given  above.  They  are  as  shown  below: 

Estimated  Estimated 

Avg.  .Adherend  Adherend  Bondline 

Stress  Level  (ksi)  Behavior  Range  Behavior  Range 

10  linear  linear 

50  linear  nonlinear 

80  nonlinear  nonlinear 

90.203  failure  failure 

The  higher  transverse  strains  of  the  composite  adherend  can  be  seen  clearly  in  Figure  1 15. 

Speviman  LSA  59  !  ■.utahi  data  ate  shown  in  Figure  1  It-  with  typivui  faiknes  shown  in  Figuie  117.  IF.t 
primary  mode  was  failure  at  the  interface  of  the  surface  resin  and  the  boron  fibers  of  the  composite  adherend  under 
the  bondline.  Results  arc  considered  to  be  low.  The  strain  distribution  map  is  shown  in  Figure  1  18.  The  high  trans¬ 
verse  strains  in  the  composite  adherend  can  be  noted.  Three  adherend  stresses  were  selected  at  which  to  evaluate  the 
sirafn  dratfilHill-w:  1  j,  '  (F)  ksi.  .Ml  a:,'  irt  ihs.  linen  i-angi.  Ksr  tbc  adlmewd.bkH  the  see.mJi  oive  c.wiW 

cause  nonlinear  behavior  in  the  adhesive.  The  third  (f.iilure)  adherend  stress  level  .selected  is  definitely  such  that  the 
adhesive  behavior  will  be  in  the  nonlinear  range. 

Figure  1 19  presents  the  strain  data  on  LSA-62-1  and  Figure  120  shows  the  cohesive  f.  acture  of  the  adhesive 
as  the  piimary  failure  mode.  Strain  map  curves  covering  both  the  composite  and  titanium  adherends  are  shown  in 
Figure  121.  Since  the  adherend  net  section  stress  vs  joint  surface  strain  plots  are  all  linear  (with  some  minor  knees 
evident)  only  two  stress  levels  were  investigated  in  the  strain  distribution  study:  25  and  56.648  (F)  ksi.  While  the 
longitudinal  (A-dir.)  strains  in  the  composites  are  only  slightly  higher  than  those  in  the  titanium  at  locations  just 
outside  the  joint,  the  transverse  strains  in  the  composite  are  substantially  higher  (than  those  in  the  titanium)  at  all 
locations. 

Strain  distribution  on  joint  LSA-1  1-4  is  shown  in  Figure  122  with  a  strain  map  at  four  adherend  stress  levels 
given  in  Figure  123.  Primary  failure  was  by  cohesive  fracture  of  the  surface  resin  of  the  composite  with  secondary 
failure  at  tlie  inted'ace  between  the  adhesive  and  the  composite  surface  resin.  Some  cohesive  fracture  of  the  adhe¬ 
sive  was  also  evident.  Results  are  considered  to  be  low.  All  adherend  and  adhesive  stress  levels  up  to  failure,  which 
were  investigated,  are  considered  to  be  in  the  linear  behavior  range. 
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FIGURE  113.  DOUBLE  LAP  COMPOSITE/TITANIUM  JOINT  WITH  NITRILE 
EPOXY  ADHESIVE  (LS-HE) 
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.  SINGLL  LAHCOMPOSn  I.  Ill  AMIM  JOIN!  WITH  TPOX'i’  NOVOLAK  ADHESIVE  (HS-LE) 


FIGURE  1  17.  LSA-59  FAILURE  PHOTOGRAPHS 
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FIGURIi  119,  DOUBLF  LAP  COMPOSITE/TITANIUM  JOINT 
WITH  EPOXY  NOVOLAK  ADHESIVE  (HS-LE) 
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Specimen  LSA-lI-4 
Failed  at  1  700  lb 


MGURIi  122.  ONH-STHP  LAP  COMPOSITE/TITANIUM  JOINT  WITH  EPOXY 
NOVOLAK  ADHESIVE  (HS-LE) 


COMPOSITE  ADHEREND  STRAIN  DISTRIBUTION 


LSA-20-4  specimen  strain  distribution  is  given  in  I'igure  124.  Failure  mode  was  cohesive  fracture  of  botli 
the  .iJlu'sive  and  the  surtace  re.sin  of  the  composite.  Figure  125  shows  the  strain  distribution  map  for  the  four 
.ulheiend  stress  levels  investigated  and  can  be  categorized  as  follows: 


Avg.  Adherend 
Stress  Level  (ksi) 

5 

15 

30 

36.969(F) 


Estimated  .\dherend 
Behavior  Range 

linear 

linear 

linear 

linear 


Estimated  Adhesive 
Behavior  Range 

linear 

nonlinear 

nonlinear 

nonlinear 


The  adherend  strain  map  shows  that  the  strain  distribution  for  the  two-step-lap  joint  deviates  substantially  from  that 
of  the  single  and  double  lap  joints.  Maximum  adherend  surface  strains  occur  in  the  middle  of  the  joint  on  this  two- 
step-lap  configuration  while  those  on  the  single  and  double  lap  ones  are  located  at  the  start  of  the  overlap.  A  sudden 
change  in  strain  also  occurs  over  the  middle  riser  where  the  middle  layer  is  changing  from  composite  to  titanium. 
Transverse  strains  of  the  composite  adherend  are  relatively  high. 
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FIGURE  124.  TWO-STEP  LAP  COMPOSITE/TITANIUM  JOINT  WITH  NITRILE  EPOXY  ADHESIVE 


FIGURE  125.  TWO-STEP  LAP  C'/T-LSHE  JOINT,  COMPOSITE  ADI  IEREND  STRAIN  DISTRIBUTION 
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SECTION  X 

THHORETICAL/EXPERIMENTA,  BEHAVIOR  COMPARISONS  AND 
“EFFECTIVE”  PROPERTIES 


X.l.  GENERAL 


Tlie  purpose  of  tliis  section  is  to  show  the  correlation  between  the  theoretically  predicted  joint  behavior  (includ¬ 
ing  tailure  loads)  and  tlie  experinier.ial  results  on  both  small  simple  specimens  and  larger  complex  assemblies.  Sec¬ 
tion  X.2  covers  the  Addition  of  Effective  Bending  to  the  theory  developed  earlier  and  Section  X.3  covers  the  Analyti¬ 
cal/Experimental  Behavior  Comparison  on  Simple  and  Special  Joints.  Section  X.4  presents  the  Design  Analysis  of 
Complex  Joints.  In  Section  X.5  Complex  Joint  Test  Data  Correlation  with  Predictive  Methods  is  given. 

X.:.  ADDITION  OF  EFFECTIVE  BENDING 


The  theory  outlined  in  Section  II  was  used  to  predict  the  failure  loads  of  several  of  the  experimental  joint  C(/n- 
llguraiions.  Maximum  stress  theory  was  used  for  the  adhesive  and  isotropic  adherends.  Maximum  strain  theory  was 
used  for  the  composite  adherends.  Tliese  theories  were  incorporated  into  the  computer  program. 


Early  investigation  indicated  that  the  theory  as  presented  predicted  excessively  low  failure  loads.  Attempts 
were  tnade  to  britig  theory  into  agreetnent  with  experiment  by  an  effective  properties  approach,  e.g..  modilyitig  the 
adhesive  tnodulus  appropriately.  Such  attempts  were  not  entirely  succe.ssful.* 

Cotnparison  of  analytical  and  experimental  strains  indicated  the  theory  predicted  excessively  high  bending 
strains.  For  e.xample,  the  theory  of  Section  II  predicted  compressive  strains  in  adherend  2  of  the  sitigle  lap  at  .v 
ecptal  zero.  IS  equal  to  till  (refer  to  Figitre  2).  Tliis  was  never  observed  in  the  experimental  data.  Similar  inconsi't- 
ettcies  arose  iti  the  double  and  step  lap.  The  primary  cause  of  the  high  predicted  bending  stresses  is  the  small  dellec- 
lioti  assitmplioti  for  the  derivation  of  the  equilibrium  equations.  As  the  axial  load  ts  iticreased.  the  eccetitricits  ol 
the  joitil  is  reduced  atid,  therefore,  the  betiding  due  to  the  axial  load  is  also  reduced.  (The  reverse  occurs  in  the  famil¬ 
iar  lie  int -column  problem.)  lints,  the  monii.ni  in  adherend  2  of  the  single  lap  at  y  equal  zero  is  signili.  antly  lesv  tlntt 
PT ( I  c/a)l2  as  would  be  predicted  by  Equation  (9),  The  plane  sections  remain  plane  assumption  also  exaggerates 
Jj*' •i'A'vr  (ju  'll"  KiiiK-ity  of  Hi.F  inllh,  ■  (nutfuv  jla'-j,'  'Grfiti.ai.'Ailoti  -iro  s^ail'U  -oii 

In  order  to  remedy  this  situation  without  revising  the  entire  theory,  an  effective  bending  factor.  A',.,  wa--  intro¬ 
duced.  This  factor  reduced  all  the  computed  bending  moments  in  the  joint  by  Tlie  quantity  A(.  was  introduced 
into  the  equations  of  Section  II  in  the  following  form: 


Sin£le_L^i 


yi/, 


M2 


+  -d> 


k. 


(12M) 


*\Vhilc  ''effective  G”  could  be  used  in  shear  distribution  and  ultimate  load  prediction,  when  the  normal  stresses  and 
the  lailure  theories  were  introduced,  the  approach  became  useless.  Large  changes  (by  a  factor  of  2  to  4)  in  effective 
G  resulted  in  only  small  changes  in  the  predicted  failing  load. 
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wliere  the  equation  tiunibers  ofSeetion  II  are  referred  to  with  the  sutTix  M  to  indicate  Modined.  The  following  values 
ol  A',,  were  found  to  give  reasotiable  atialytical/experinienial  correlation: 


Single  Lap 


Double  Lap 


Step  Lap 


\..T  ANALYTICAL/LXPERIMLNTAL  ULIIA\  l-X.:  COMPARISON  ON  SIMPLE  AND  SPECIAL  JOINTS 


X.o.a.  Simple  Specitnen  Joints 


For  correlatioti  purposes  the  averaged  results  from  sixteen  lap  shear  assemblies*  were  choset'  as  represontatoe 
samples  of  the  (i7+  itivestigated  in  this  research  program.  Seven  single  lap  (S.L.).  seven  double  lap  ( D.L.),  and  two 
step  lap  (St. L.)  joints  were  chosen,  covering  both  adhesive  systems  and  adherend  combinations,  sclectivels .  Within 
these  categories  the  choices  were  made,  based  on  a  study  of  the  quality  of  the  experimental  data.  Bad  data  points 
were  judged  by  the  failure  tuode  (ititerface  or  interlaminar)  andhrr  whether  the  ijoint.;  fell  on  or  near  the  m;ijoiit\' 
data  test  curves  (A’'  vs  /,//)  as  showti  in  the  previous  section. 


Adherend  pro|U’rties  were  obtained  from  Section  VII  ;ind  the  literature  for  use  in  the  computer  prediction  pro¬ 
gram.  Adhesive  properties,  taken  from  the  literature,  are  presented  in  Table  XXV  :md  Figures  1  2b  and  1  27.  A  sum¬ 
mary  of  all  the  properties  used  in  the  computer  program  is  given  in  Table  XXVI. 


The  nonlinear  joint  behavior  equations  were  prrrgrammed  for  failure  by  ( 1 )  cohesive  fracture  of  the  adhesive  b\' 
the  tnaximum  stress  theory,  (2)  tensile  failure  of  the  composite  adherend  by  maximum  strain  theory,  and  (3)  tensile 
failure  of  the  titanium  adherend  by  tnaximum  stress  theory.  Tlie  experimental/lheoretical  correlation  is  presented  itt 
Table  XXVI 1.  The  predicted  low  values  of  item  6  may  have  been  caused  by  the  inaccuracy  of  die  unidirectiotial  lam¬ 
ina  Ramberg-Osgood  three  parameter  predicted  stress-strain  curve  for  the  0/90“  orientatioti  laminate  that  was  used 
lor  all  three  adherends.  Observe  that  the  experimental  value  in  parenthesis  correlates  reasonably  well  with  that 


•.ach  assembly  represents  3  or  4  specimens. 


^  'loialing  203  individual  specimens. 


lABLl  X\V 


predicted.  It  represents  tlie  proportional  limit  average 
value  for  this  group  of  joints  and  was  taken  from  the 
2-in.  gage  length  (over  the  bondline)  autographically 
recorded  load/deflection  curves.  Item  6  (lap  shear  assetii- 
bly  56)  load/deflection  curves  are  shown  in  Figure  128. 
Apparently,  the  shape  of  the  three  parameter  stress-strain 
curves  used  to  derive  the  0/90°  orientation  adherend 
behavior  resulted  in  adhesi’’e  stresses  high  enough  to  cause 
jomt  failure  predictic'ti  at  the  loads  indicated.  In  the  actual 
test  adherend  proportional  limits*  were  exceeded  and  a 
redistribution  of  stressi  .i  in  the  adhesive  was  brouglit  on 
by  the  sudden  drop  in  adherend  modulus,  allowing  the 
bondline  to  go  to  a  much  higher  stress,  i.e.,  the  joint  to 
transfer  much  higher  loads.  It  is  felt  that  the  proper 
choice  of  unidirectional  lamina  Ramberg-Osgood  param¬ 
eters  would  give  derived  0/90°  stress-strain  curves  which 
would  allow  accurate  prediction  of  failure  loads.  Item  13 
(lap  shear  assembly  61 )  apparently  was  less  affected  by 
this  phenomenon  because  only  the  single  adherend  was 
0/90  composite  with  the  double  adherends  being  titanium. 
The  limiting  factor  in  these  three  parameter  stress-strain 
curves’  accuracy  could  be  the  lack  of  90°  lamina  experi¬ 
mental  data.t 

.\s  pointed  out  in  the  previous  section,  values  of  the  bending  factor  were  selected  for  reasonable  correlation 
with  each  joint  'ype  (BF-JT)  and  are  listed  in  Table  XXVII.  Table  XXVIII  gives  a  more  explicit  listing  of  the  BF-JT 
factors  relating  them  to  the  item  no.;,  of  Table  XXVII. 

Figure  1 29  shows  the  experimental/analytical  correlation  with  these  bending  factors  by  joint  type.  A  limited 
amount  of  eftort  was  devoted  to  further  refining  the  values  of  the  bending  factor  for  various  adhesive  types  and  lail- 
ure  ivpes  within  the  joint  types  (BF-JT.  AT,  FT).  The  selected  bending  factors  are  shown  in  Table  XXIX  and  Fig¬ 
ure  130  shows  the  corresponding  correlation.  This  latter  approach  could  be  extended  to  other  joint  configurations, 
riic  refinement  of  'he  bending  factor  definition  is  limited  only  by  the  amount  of  experimental  data  available. 

Typical  failure  types  are  shown  photographically  in  Figures  130  through  135.  Figures  131 ,  132  and  133  show 
the  composite  net  section  tension  failure  of  the  LSA-31,  -33  and  -36  specimens,  respectively.  Figures  134  and  135 
show  the  cohesive  fracture  of  the  composite  surface  resin  and  bondline  of  LSA-56  and  -58,  respectively.  In  Figure  130 
^pecimens  LSA-61  show  primary  composite  adherend  dehmination  and  secondary  surface  resin  fracture. 

Five  typical  computer  printouts  on  the  joint  predictive  techniques  are  given  in  Appendix  G.  Tliese  are  on 
items  7  (LSA-20).  9  (LSA-23),  and  15  (LSA-26)  from  Table  XXVII.  Tlie  printouts  cover  shear  (TAG)  and  normal 
(SIGMA)  stresses  at  various  stations  along  (he  jomt  overlap  length  for  ultimate  loads  in  Appendix  G.l .  The  individual 
|ily  stres.scs  at  intermediate  loads  are  ilso  presented  in  Appendix  G.2  for  items  7  (LSA-20),  14  (LSA-62),  and  15 
(LSA-26).  Correlation  of  (he  predicted  suiface  ply  stresses  on  the  special  lest  specimens  with  the  experimentally 
measured  strains  is  given  in  the  next  subsection. 


'Sec  Appendix  L  for  appropriate  experimental  laminate  tensile  specimen  stress-strain  curves. 

■  I  hr  lescaicli  eitoii  geneiated  only  O'  unidirectional  lamina  axial  te.st  data,  the  90°  axial  data  were  taken  from  (he 
lii.-i.iuue.  as  were  the  in-plane  shear  values. 


.•Wl-.RAGF  ADHESIVE  MECHANICAL 
PROPERTIES 


P.oporty 

Material 

AF  1 26-2  (LSHE)* 

MB-329  (HSLE)t 

0,. 

5513  psi 

7300  psi 

0.22568  X  I0‘  psi 

0.96847  X  10*  psi 

0.40 

0.4284 

Tu 

7 1  70  psi 

8970  psi 

G 

0.0806  X  10‘  psi 

0.399  X  10*  psi 

*See  References  (6)  and  (18). 

tSee  References  (18)  and  (19). 

tTliese  \"  jes  are  calculated.  Such  calculations  are 
based  on  v.  perimentally  measured  G  and  E*  (con¬ 
strained)  values  assuming  an  isotropic-elastic  rela¬ 
tionship  among  E,  G  and  n.  See  Reference  (19). 


-calculated  values  taken  from  literature 


TABLE  XXVIII 


VARIABLE  BENDING  FACTOR 
SELECTIONS:  BE/.IT 
(Based  on  Joint  Type  Only) 


Join!  Type 

Bending 

Factor 

Item  Numbers, 
Table  XXVII 

Single  Lap 

0.01 

I. 2, 5, 7, 8,  11,12 

Double  Lip 

0.02 

3, 4, 6, 9,  10,  13,  14 

Sfep  Lap 

O.IO 

15,  16 

1000  Ib/in.  width 

Analytically  Predicted  Load  Transfer  at  Failure 

FIGURE  I2‘).  CORRELATION  CURVE  ON  BONDED  JOINTS  FOR  BF/'J  I' 


IOf»f  lii/ir*.  Aadlh 


TABLli  XXIX 


m 


BEST  BENDING  FACTOR  SELECTIONS:  BF/JT-AT-FT 
(Based  on  Joint  Type.  Adliesive  Type,  and  Failure  Type) 


oim  Type 

Adhesive  Type 

Primary 
Failure  Type  i 

1 

Bending 

Factor 

Item  Numbers, 
Table  XXVII 

S.L. 

LSHEorlISLL 

AT  or  CF 

0.01 

1,2, 5, 7, 8,  11,  12 

D.L. 

LSHE 

CF 

0.20 

3,9 

D.L. 

LSHE 

AT 

0.02 

4,  10 

D.L. 

IISLE 

CF 

0.02 

6,  13,  14 

2-Si.L. 

LSHE 

A'l 

0.10 

\S 

2-St.L. 

lshf; 

CF 

i  0.01 

16 

Legend:  S.L.  Single  bip 
D.L  Double  Lap 
Si.L.  Step  Lip 

LSHE  Low  slilTness/liigh  elongation  (AF'-I  26-2) 
lISLE  High  stilTness/low  elongation  (MB-d29) 

AT  Adherend  Tension 

CF  (Udiesive  Fracture  (Bondline  or  Composite  Surl'acc  Resin) 


nr/JT-AT-FT:  livndinR  f.iclor  choHcn  by 
joint  typr.  adlicsivo  type,  and  failure  type. 


Joint  Variablea  Covered 

Adherend  Coml>ination3  -  H/B  and  B/T 
Adlier<»nfi  Orientations  -  0,  0/^0, 

Adhesive  Types  -  LSHE  (AF- 126-2) 

-  HSLE  {MB-329) 

Joint  Types  -  S.  L.  ,  D.  L.  ,  and  St.  L. 
Failure  T ypes 

A.  Cohesive  Fracture  (CF)  of  Bond 
line  or  Composite  Surface  Resin 

B.  Adherend  Tension  (AT) 


Note*:  Point  6  failure  was  takirn  as  the  proportional 

limit  knee  on  tlie  extensometer  load/deflcction 
curve,  actual  ultimate  is  shj)wn  by  (x)  point. 

till  -J _ 1 _ i _ I _ _ 

3  4  5  6  7  8  9  10  !l  12 

I  000  Ib/in.  width 

Analytically  Predicted  Load  Transfer  at  Failure 


I  KiURE  I.JO.  CORRELATION  CURVE  ON  BONDED  JOINTS  FOR  BE/JT-AT-FT 


.'i'j 

BSiiiSfi 


FIGURi:  136.  LSA-61  FAILURl: 


X.3.b.  Special  .loiii!  Correlaiions 


Figure  1,')7  shows  the  plots  of  lire  predicted  surface  strains  in  the  overlap  area  of  specimen  LSA-20-1  at  one 
load  level  with  the  experimentally  measured  values  superimposed.  Figure  1,38  presents  the  predicted  surface  strains 
in  the  overlap  area  of  specimen  LSA-62-1  at  one  load  level  with  the  experimental  points  superimposed.  Correlation 
is  good  enougli  to  further  verify  the  nonlinear  analysis  and  design  techniques  developed  herein. 


Note  that  the  experimentally  measured  longitudinal  surface  strain  values  correlate  very  closely  to  those  pre¬ 
dicted  for  both  composite  and  titanium  adherends.  The  experimentally  measured  transverse  strains  on  the  composite 
are  also  shown.  Since  the  plane  strain  assumption  is  used  in  the  prograhi  tlie  predicted  transverse  strains  are  /.ero. 


X.4.  DFSIGN  ANALYSIS  OF  COMPLEX  JOINTS 


A  more  complex*  joint  was  designed  to  evaluate  the  size  effects  which  can  be  anticipated  when  designing  larger 
joints  \  hisii-  l  umposite/titanimu  doubli  laji  jniiu  i-onfijuntum  fivi  tniTu  s  wnU*  wav  rltov’n  fur  >'valu'itkm  Fight 
of  these  joints  were  designed  as  shown  in  Figure  I3'>  (Dwg.  No.  03-2587-13),  varying  ovcilap  length,  adhesive,  and 
laminate  orientation.  Of  these,  two  were  chosen  for  test:  the  -501  and  -500  assemblies.  These  two  joints  are  ana- 
lyz.ecl  in  Table  XXX.  This  empirical  analysis  considers  the  possibility  of  failure  in  the  titanium  adherends,  the  com- 
ptnian  adlwp*  <1  -jnd  :h.  '  i-ucUii*  Eiv:»  tUrtiu.iJty  defr ntnuudliinnuittifT'khU  XlJ.-tiirl  tTsH  |V 

are  used  along  with  simple  specimen  bonded  joint  (Figs.  107  and  140)  test  data.  Design  was  based  on  average  test 


Type  Bending  Factor:  BF-JT  Specimen  LSA-20-1,  Single  Lap 

Bending  Factor,  Ke=0.0l0  P=4400  lbs  at  Failure _ 

O  Theoretically  Predicted  Long.  Strain 

(Ref.  Fig.  Ill)  0  Experimentally  Measured  Long.  Strain 

I  A  Experimentally  Measured  Trans.  Strain 


FIGURE  137.  THEORETICAL/EXPERIMENTAL  CORRELATION  OF  SINGLE 
LAP  JOINT  SURFACE  STRAINS 


JOINT  S'JRFACF-  STRAINS 


FIGURE  139.  COMPLEX  JOINT  PANELS 


"'*The  smallest  of  3.  H  or  12  divided  by  overlap  lenglh  ! 


O'/erl^p  Lencith/Adherend  Thickness  -  L/t  (Nom.  Dim.) 

FICiURI:  140.  BONDLINF  SMEAR  STRESS  VS  /.//  FOR  COMPOSITH/TITANIUM 

DOUBLE  LAP  JOINTS 


d;iia  using  no  safely  faclors.  Unit  failure  load  is  predicted  to  be  cohesive  fraclure  of  the  bondline  or  composite  sur¬ 
face  resin. 

Loading  of  the  crrniplex  joint  was  to  be  done  through  four  1/2-in.  diameter  steel  bolts  at  each  end  which  are 
loaded  via  two  3/8-in.  steel  plates.  These  steel  plates  are  loaded  through  a  clevis  by  a  2-1 /2-in.  diameter  steel  pin 
(see  Fig.  141  ).*  This  setup  was  mounted  in  a  Baldwin  Universal  Test  Machine  for  loading.  Load  introduction  analy¬ 
sis  follows  for  the  03-2587-13  Dwg.-501  and  -50‘^i  complex  joints; 


MJwg.  No.  03-2587-14. 
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FIGURE  141 .  LOAD  INTRODUCTION  FIXTURE  FOR  COMPLEX  JOINT 


'I'l  Vsm'IiiMv 


V,  .'Hi  lb  in.  (from  Tabic  \XX) 

^  '  4(1  .(Oil  lb  estimated  failure  loail 

/’  1  '  \  4(i,(i.^H  -  (i4.Q7.S  lb  (load  intro,  des.  Id.) 

(i4.d7.S 

1  >Md  boil  =  l>  A  = - =  17,4''4  Ib/bolt 


Siiiee  moduli  of  Ti  and  0/±45°  orientation  B/E  are  appro.ximalely  equal,  from  Figure  139  let  7',*  =  3  X  0.090  • 
t'.d'O  111.  for  the  single  adlierend  all  Ti  end  and  7’2*  =  3  X  0.090  +  2  X  0.085  =  0.440  in.  for  the  composite 
double  adlierend  end. 

Tsiiig  the  double  adlierend  end  T’l. 

P  17.444 

(■  ■I'liK  ~ - " - =  74,500  psi 

d?’:  1/2(0.440) 

Til- HR  r  =  245.000  psi  (Fig.  3.0362,  Page  2 1,  Code  3707,  AFML-TR-68-1 1 5  Vol.  II,  Jan.  1968) 

(1  +45  B/I-:  FaRc  =  43,000  psi  (Fig.  6.2.2.20,  Design  Guide)*-*^’ 


it  the  BjE  fails  in  bearing,  this  amount  of  load  will  be  picked  up  by  the  Ti  insert  and  grip  plates  and  all  the  load 
would  be  transferred  to  the  boron  through  the  four  bondlines.  This  then  results  in  the  same  bearing  condition 
as  the  single  adlierend  end,  i.e., 

17,444 

I'll  =  -  -  130,000  nsi  bearing  in  Ti 

1  2(0.270) 

I.e..  bearing  in  Ti  ok  when  compared  witli  allowable.  Bondline  stress  then  becomes /y/l/J: 

fioni  above  P  =  64.475  lb 
.•l/i  =  4X  5X  4  =  80  in.’ 

04.475 

/•v  =  - - =  875  psi 

80 

1  Ills  stress  is  lower  than  the  lowest  value  obtained  from  all  the  lap  joint  data,  i.e.,  bond  line  is  ok. 

.Another  check  using  l  igiirc  107  gives  572  Ib/in./ply  composite  joint  allowable  (18,304  Ib/ln.)  or  91 ,520  lb 
lolal  load  allowable. 

I  heielore  load  introduction  joint  is  safe  with  the  bondiine  being  most  critical.  -509  assembly  will  not 
liaiisinii  as  much  loa  d,  i.e.,  it  is  ok. 


,  !•  Iioni  Fig.  I  34 

/.  • 


\  '  rOMPl  I  \  JOINT  Tl-.ST  DATA  ('ORRTLATION  WITH  PRHDICTIVH  METHODS 

ll'o  iwo  I'ciinplox  (dcniblo  lap)  joinls. assemblies  -SOI  and  -509,  of  SwRi  Dwg.  03-2587-13  (see  Fig.  139)  were 
uMiod  and  lesled  lo  lurtlier  clieck  oul  the  nonlinear  theoretical  predictive  techniques  developed  in  this  i '  '.rch 
eih'it.  1  hcse  joints  represented  larger,  wider  bonded  joint  structures  which  can  be  more  easily  instrumented  tor 
behavior  measurement.  Twenty-four  strain  gages  were  laid  on  the  front  and  back  faces  of  the  joint  in  the  pattern 
shown  in  Figure  142.  Test  setup  for  the  -501  complex  joint  assembly  with  the  LSHE*  adhesive  is  shown  in  Fig- 
uie  143  whereas  Figure  144  shows  the  -509  assembly  with  the  HSLEt  adhesive. 


Toad  rate  was  0.00125  in. /min  over  a  two-inch  gage  length  in  the  joint  area  and  strain  gage  readings  were 
taken  automatically  at  each  1.000  pound  increment  of  load  to  failuie.  Load  introduction  tabs  of  6AI4V 
antietilcd  titanium  were  bonded  to  the  specimens,  initially  with  a  room  tem|rerature  setting,  two-part  epoxy. 

.Assembly  -501  was  loaded  to  32,200  lb  on  first  loading,  at  whicii  the  load  introduction  tabs  on  the  bottom 
became  unbonded.  New  tabs  were  made,  cleaned,  and  rebonded  with  AF-12C)-2  film  adhesive.  On  second  load¬ 
ing  lailiire  of  the  tab  bond  at  the  top  occurred  at  48,100  lb.  New  tabs  were  made,  cleaned  and  rebonded  with 
AF-12(i  adhesive.  On  third  loading  the  failure  occurred  in  the  joint  by  cohesive  fracture  of  the  bondline  at 
5(1.800  lb  ( 1 1 ,340  Ib/in.).  A  summary  of  the  strain  gage  readings  is  given  in  Table  XXXI  for  each  of  the  three 
loadings. 


Assembly  -509  was  loaded  first  to  30,675  lb  at  which  failure  occurred  simultaneously  at  both  ends  in  the 
load  introduction  tab/specimen  bondline.  New  tabs  were  made,  cleaned,  and  rebonded  with  AF-126-2  adhesive. 
The  second  loading  resulted  in  cohesive  fracture  of  the  joint  bondline  at  33,000  lb  (6,590  Ib/'in.).  Table  XXXI 1 
presents  a  summary  of  the  strain  gage  data  for  each  of  these  loadings. 


t  ■  I—  -  *.  ::  '-  ■' 

- t . . —  'I 


Jli  • 


Using  the  actual  measured  joint  dimensions  the  non¬ 
linear  predictive  program  was  used  to  predict  the 
failure  load  and  mode  of  each  of  the  joints.  For  the 
-501  joint,  failure  was  predicted  at  12,144  Ib/in. 
whereas  for  the  -509  joint,  failure  was  predicted  at 
5.188  Ib/in,  Both  failure  made  predictions  were 
for  a  cohesive  fracture  of  the  adhesive.  Observed 
mode  of  failure  was  cohesive  fracture  of  bondline 
in  both  cases  starting  near  the  ends  of  the  compos¬ 
ite  adherends.  Table  XXXIII  summarizes  the  mea¬ 
sured  and  predicted  values.  Complete  printouts 
of  these  predictions  and  their  related  adhesive  and 
adherend  stresses  are  presented  in  Appendix  H. 
Composite  surface  strains  taken  from  these  pre¬ 
dicted  failure  data  are  included  above  the  measured 
strains  in  Tables  XXX  and  XXXII. 


-rt I  p  - 1  I  -  t-<n  !■  ga  ues  li  rt> t  nuttrbe  r  on  front,  »r<'ond  numbr  r  ii»  cm  hart, 
jilo  1.  .inhf  r  ^  itgr  &  arc  1  on^,  a  it  ^  even  iiuinbc  r  }iaK«*«>  arc  tranavcr^c. 

FIGURE  142.  COMPLEX  JOINT  STRAIN 
GAGE  LOCATIONS 


Observed  that  the  longitudinal  strains  predicted 
at  gages  1,3,5  and  9  (see  Fig.  142)  on  both  joints  for 
ail  loadings  correlated  well  with  the  measured  strains 
at  that  load  level.  Also,  observe  that  the  predicted 
strains  at  gage  7  do  not  correlate  the  measured  strains. 
With  gage  7  located  near  the  end  of  the  bondline 


'TSHT.  I.ov  Stil  less.  High  Elongation  (AF-126-2). 


HISl.T  lligli  Siiffni  ss.  Low  Elongation  (MB-329). 
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COMPLEX  JOINT  EXPERIMENTAL  DATA  WITH  HSLE  ADHESIVE 
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TABU-;  XXXlll.  LARGE  JOINT  ANALYSIS/TEST  COMPARISON 


Joint 

Assembly 

Standard  Stress  Analysis 
Prediction 

Nonlinear  Design 
Prediction 

Actual  Experimental 
Failure 

Ib/in. 

Type  Failure 

F„,lb/in. 

Type  Failure 

F'l/,  Ib/in. 

Type  Failure 

501 

9,330 

C.F. 

12,144 

C.F. 

1 1 ,340* 

C.F. 

509 

6,250 

C.F. 

5,188 

C.F. 

6,590t 

C.F. 

*Ref.  Table  XXXI 
tRef.  Table  XXXII 


overlap  on  the  composite  adherend  over  the  area  where  failure  is  supposed  to  occur,  this  difference  in  predicted  vs 
actual  strains  is  critical.  On  -501 ,  note,  gage  7  shows  a  22%  reduction  in  measured  strain  from  the  first  loading  to  the 
third  one,  an  indication  that  bondline  shear  and  normal  stress  peaking  has  been  reduced  at  this  point  by  the  repeated 
loadings  beyond  the  adhesives’  proportional  It'  \  more  vivid  indication  of  this  is  shown  by  the  behavior  of 
gage  1 7  in  the  corner  of  the  composite  adherein  the  first  loading  the  strain  at  gage  1 7  was  exactly  507f  of  that 
of  gage  7,  on  second  loading  17  was  77%  of  7,  white  on  third  loading  gage  17  was  reading  169%  oi'gage  7.  Eor 
-509  a  different  redistribution  phenomena  occurred.  On  first  loading  the  strain  reading  of  gage  17  lagged  those  of 
gage  7  only  slightly  as  the  loading  increased  througli  24,000  lb  and  then  started  dropping  as  the  load  was  increased  , 
to  30,000  lb.  Gage  17  strain  dropped  faster  than  7  and  it  was  reading  about  10%  of  17  at  30,000  lb  load.  On  second 
loading  both  7  and  17  were  reading  decreasing  magnitudes  of  minus  strain.  Gage  7  read  decreasing  small  minus, 
strains  to  30,000  lb  while  gage  1 7  read  decreasing  small  minus  strains  to  32,000  lb  before  they  started  increasing 
again. 


Plots  of  the  predicted  longitudinal  strains  along  the  joint  overlap  length  for  predicted  failure  load  are  shown 
for  -501  in  Figure  145  and  for  -509  in  Figure  146.  Actual  strains  at  this  load  level  are  superimposed  on  these  figures 
for  the  last  (or  failure)  loading  test  sequence  and  they  correlate  well  with  those  predicted.  Transverse  strain  pre¬ 
dictions  are  zero  due  to  the  plane  strain  assumption;  however,  actual  transverse  strain  measurements  are  showm  to 
be  relatively  large.  This  is  caused  by  the  large  Poisson’s  atio  e.xhibited  by  the  0/±45°  composite  adherends. 

A  redistribution  of  the  surface  ply  strains  of  the  composite  adherend  at  or  near  the  ends  and  corners, 
apparently  resulting  from  multiple  load  cycles  before  failure,  is  probably  caused  by  a  redistribution  of  the  adhesive 
strains  (stresses)  at  those  points.  Such  a  redistribution  could  cause  the  test  article  to  fail  at  higher  loads  than 
predicted  since  peak  adhesive  stresses  (strains)  would  not  be  reached  as  soon.  This  could  be  offset  by  preload  dam¬ 
age  to  the  adhersive,  thereby  reducing  its  strength.  The  exact  phenomena  causing  surface  strain  redistribution 
and  its  resulting  effects  are  unknown. 

At  this  point  it  can  be  said  that  there  is  a  substantial  ani'nint  of  correlation  of  the  predicted  mechanical 
behavior  with  the  experimental  results  on  the  complex  joints  with  accurately  predicted  failure  loads  obtained  when 
using  maximum  stress  theory  cohesive  fracture  of  the  adhesive.  Adherend  failure  prediction  in  the  joint  was  not 
checked  experimentally  in  the  complex  joints. 

Failed  specimen  photographs  for  -501  are  shown  in  Figures  147  and  148  whereas  Figures  I4't  aii.l  I  5C  show 
the  -509  failures. 
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FIGURE  145.  C/TCOMPLEX  JOINT-PREDICTED  VS  EXPERIMENTAL 
ADIIEREND  SURFACE  STRAINS.  LS-I IE  ADHESIVE 
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FIGURE  146,  C/T  COMPLEX  JOINT-PREDICTED  VS  EXl'ERIMENTAL 
ADIIEREND  SURFACE  STRAINS.  HS-LE  ADHESIVE 
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SECTION  XI 


BONDED  JOINT  DESIGN  CURVES 


XI. 1.  GENERAL 


Tlie  purpose  ol'  this  section  is  lu  Illustrate  how  the  nonlinear  design/analysis  techniques  developed  in  this  pro¬ 
gram  can  be  used  to  generate  useful  design  curves  on  bonded  joints.  Section  XI. 2  presents  a  Discussion  of  Approach 
whereas  Section  XI. 3  gives  the  Design  Curves  and  how  to  use  them. 

X1.2.  DISCUSSION  OE  APPROACH 

Design  oriented  experimental  data  curves  for  composite  adherend  joints  can  be  generated  by  plotting  failure 
loads  vs  the  geometric  parameter  /.//.  For  each  composite  orientation  a  plot  of  running  load/ply  vs  Ljt  is  recom¬ 
mended.  The  running  loads  at  joint  failure  in  Ib/in.  are  divided  by  the  number  of  plies  to  get  the  running  load/ply 
(A'’)  in  Ib/in./ply.  The  /.//  parameter  may  be  obtained  by  dividing  the  bondline  overlap  length  by  the  adherend  thick¬ 
ness.  Always  use  the  smaller  of  the  two  adherend  thicknesses. 

For  this  project,  data  from  selected,  representative  joints  were  picked  from  Table  XXVII  for  use  in  design 
oriented  experimental  data  curve  generation.  Table  XXXIV  summarizes  the  experimcntaranalytical  data  on  nine 
joint  groups*  which  were  used  as  a  basis  for  design  curve  prediction  along  with  pertinent,  related  geometric  param- 
ctcii,.  1  hc'C  pt idicted  failure  load  value;,  raid  the  u;x!  of/''  “  j  wheti  /-/f  ~  u  d-.;r»\c  thera;  carve*,  <oi  line'A  up  t*.;  taiu 
inate  failure.  Laminate  failure  then  becomes  a  cut  off  at  N'  =  laminate  failure  load  (constant).  This  cutoff  value  may 
hi’  or  pl-Jggfd  *17  iVcwf  larr^Paier.  Wf-ile  'Im  citrofl  Heenvu  Iww  tv  Eawd-ot*  h’-ii-'-qT’ 

adherend  failure  it  could  just  as  easily  be  based  on  titanium  adherend  failure  (for  composile/titanium  joints)  where 
this  is  critical. 

\1  T  DESHIN  CURVES 

The  design  oriented  average  experimental  data  curves  generated  fall  on  or  very  close  to  the  nonlinear  analyti¬ 
cally  predicted  joint  failure  load  va’ues  as  shown  in  Figure  151.  All  predicted  and  actual  failure  modes  correspond 
except  one,  that  being  No.  36.  Actual  failure  of  this  joint  was  by  laminate  adherend  tension  while  its  predicted  fail¬ 
ure  was  by  cohesive  fracture  of  the  adhesivet.  Experimentally  measured  tensile  ultimate  strength  is  used  as  the 
horizontal  cutoffs  for  these  curves  with  the  points  31 , 33,  and  36  used  for  correlation. 

Use  of  such  design  oriented  experimental  data  curves  which  allow  prediction  of  average  test  values  for  an\  /./.’ 
(or  vice-versa)  is  one  method  ol  allowables  determination.  Statistically  based  formulas  can  be  applied  with  such  data 
to  obtain  reduced  values  for  use  as  design  allowables.  Such  formulas  were  developed  in  Section  V  on  Experimental 
Design.  The  65'/!  confidence  design  ultimate  allowables  may  be  calculated  using  the  general  formula  (given  by  ei|ua- 
tion  1  72.  page  )  in  which  the  average  (mean)  value  can  be  taken  from  the  Figure  I  51  curves.  The  other  parameters 
are  known  or  can  be  determined  from  the  detail  data  tabulation  of  Appendix  F. 

Once  the  nonlinear  analytical  f  ormulas  have  been  checked  out  with  simple  lap  joint  tests  utilizing  the  jttint  con¬ 
figuration  and  material  combination  desired,  they  can  be  used  to  generate  a  family  of  curves  for  design  allowables 
purposes  as  was  done  herein.  Or  the  computerized  formulas  could  be  used  to  predict  failure  loads  and  types  ol  fail- 
u7e  ioi  any  speciiie  joim  de.>ign  which  could  he  .uudeteu  a.,  iiiiglc,  JouWe,  Ui  step  lap.  11  il  is  desnc-J  ic  use  uic  Type 


*Lach  joint  group  is  made  up  of  the  avg  of  3  or  4  test  specimens  taken  from  one  lap  shear  assembly. 

■i'Gliangmg  the  bending  factor  k^,,  from  0.02  to  0.05  predicts  adherend  tension  failure  mode  but  at  a  somewhat  lowe; 

♦ih-.g  fo'oi 
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FIGURE  151.  design  CURVES  FOR  SINGLE.  DOUBLE.  AND  STEP-LAP  JOINTS 


.I'lK'.'v.U-'k'  .  uiM's  coiieialcd  above  directly  in  design  it  will  be  necessary  to  use  a  desigti  factor  K  wliicli 
would  be 


Wlien  usitig  tlic  design  predictive  fortnulas  or  computer  programs,  tlie  distance  between  assumed  zero  bending 
moment  points  on  the  adlierend  on  each  side  of  tlie  joint  (quantil'' a)  must  be  known  or  very  large f  as  compared  to 
the  overlap  length  c.  That  is.  the  ratio  c/r;  must  be  knov'n  orsmallt  (in  the  latter  case  it  can  be  assumed  'o  be  zero). 

Design  ultimate  allowables  can  be  calculated  based  on  the  nonlinear  design/analysis  formulae  prediction 
values.  These  values  are  used  as  mean  strength  values  and  can  be  applied  to  most  any  joint  design  which  is  r)r  can 
be  broken  into  single,  double,  or  step  lap  configurations.  If  the  users  then  have  a  large  backlog  of  lap  joint  test  data, 
typical  e.xperimentally  based  statistical  parameters  will  also  be  available.  These  can  be  used  with  the  predicted  mean 
strength  to  calculate  bonded  joint  design  ultimate  allowables  for  most  any  adherend/adhesive  and  configuration 
combination. 


Where  insufficient  basic  adlierend  or  adhesive  material  properties  are  known,  the  use  of  these  formulas  will  be 
advantageous.  This  can  be  done  by  using  assumed  “effective”  propcrtic;  t,  chosen  on  a  trial  and  error  basis  to  pre¬ 
dict  failure  loads  and  correlate  them  with  the  results  from  a  few  simple  lap  joint  tests.  Such  a  procedure  will  provide 
a  powerful  technique  for  mean  joint  strength  prediction.  However,  such  “effective”  properties  may  be  substantially 
different  from  the  real  ones. 

Since  the  predicted  mean  strength  and  type  of  failure  of  the  complex  joints  (see  Section  X.5)  is  reasonably 
accurate  when  compared  with  experimental  results,  desinn  allowables  calculated  from  such  mean  strength  predictions 
shi'uki  also  be  accurate,  Therefoie,  the  use  of  the  standard  1 .5  factor  of  safety  on  design  limit  loads  'o  obtain  design 
ultimate  loads  should  bv  sufficient  to  pnwide  ample  operational  sal'ety  for  static  load  conditions  at  room  temperature 


‘'  I  Ins  would  also  be  the  Nf  value  used  In  equation  1 72  to  obtain  the  N'q  value. 

-r  (/ should  he  1/50  or  smaller. 

Ill  the  tonn  of  the  Ramberg-Osgood  three  parameter  stress-strain  curve  values  for  the  adlierend  orthotropic  lamina 
isoiio|)ic  material  and  the  adhesive. 
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SECTION  XII 


RESULTS,  CONCLUSIONS  AND  RECOMMENDATIONS 


XII. 1.  GENERAL 

Tlie  purpose  of  this  section  is  to  provide  ;i  brief  summary  of  the  results  and  conclusions  which  have  become 
evident  in  the  completion  of  the  research  and  in  addition  to  delineate  problem  areas  wliich  were  identified.  Recom¬ 
mendations  for  future  research  along  lines  related  to  this  effort  but  further  advanced  arc  also  covered.  Results  and 
Conclusions  are  covered  in  Section  X1L2,  whereas  Section  X1L3  covers  the  Recommendations. 

XI 1. 2.  RESULTS  AND  CONCLUSIONS 

In  briel,  the  results  of  this  research  liave  been  the  development  and  verification  of  nonlinear  design/analysis  tecli- 
niques  lor  certain  types  of  bonded  joints  covering  static  failure  in  .several  principal  modes  at  room  lemperature.  The 
methods  developed  have  proven  to  be  accurate  when  using  basic  material  behavior  characteristics  and  appropriate 
empirical  bending  factors.*  The  use  of  assumed  adhesive  properties  in  these  formulae  can  be  a  reasonably  accurate 
technique  as  long  as  some  simple  joint  experimental  data  are  available  for  use  in  calculating  “effective"  properties 
for  comparison.  Througli  the  use  of  appropriate  failuie  criteria  for  the  adlierend  and  adhesive  in  the  nonlinear  joint 
formulae  the  analytical  methods  become  design-predictive  equations  which  can  be  used  to  predict  joint  mean  strength, 
failure  type,  and  as  a  basis  for  average  strength  curves,  l-.xample  curves  have  been  generated  and  their  design  use 
explained. 

Bonded  single,  double,  and  step  lap,  and  scarf  joints  were  studied  resulting  in  nonlinear  designdmalysis  tech¬ 
niques  being  developed  for  the  Hrsl  three  types  of  joints,  whereas  only  the  differential  equations  were  sei  up  for  the 
scarf  joint.  Comparative  results  based  on  typical  joint  models  were  generated  by  both  the  theoretical  methods  and 
the  standard  nonlinear  discrete  elemctit  techniques.  The  latter  took  considerably  more  computer  time  to  run  than 
the  former  one.  After  the  theory  was  developed  to  the  point  where  good  agreement  was  obtained  with  the. discrete 
element  method,  an  experimetital  etton  was  itiiliated  to  provide  rmal  verification  of  the  nonlinear  analysis  methods. 

For  the  three  lap  conligurations.  composite  adherends  ol'  three  liber  orieniaiion.s  with  two  adhesive  systems 
were  utilized  in  the  lest  program  along  with  two  adlierend  material  combinations.  A  total  of  20.1  sinipie  specimen 
joints  were  made  ;ind  tested  along  with  the  necessary  characterization  tests  on  the  composite  ,md  tiianiimi  adlierend 
materials.  In  addition,  six  of  these  simple  specimens  were  .selected  for  "special'  investigation  and  were  extensiveK 
strain  gauged  in  the  joint  overlap  area.  Data  from  these  special  specimens  were  correlated  with  the  theoretical  behavior 
prediction  methods.  The  large  quantity  of  simple  specimen  results  allowed  the  theory  to  be  checked  out  against  man\ 
geometric,  configuration,  and  material  paramctei  variations  as  well  as  failure  mode  changes.  Finally,  two  larger,  complex 
joints  were  designed,  built,  instrumented,  and  tested  as  a  (Inal  check  on  the  analytical  methods.  These  complex  specimens 
were  extensively  strain  gauged  for  study  of  the  joint  behavior  under  loading.  Experimental  verification  was  successful. 

Every  effort  was  made  to  achieve  high  quality  repeatable  processing,  inspection,  and  testing.  Existing  sjiecitl- 
cations  were  utilized  as  much  as  possible  with  new  specifications  written  as  required.  Basically  the  philosophy  was 
to  ( 1 )  rigidly  monitor  and  control  the  incoming  material  and  its  subsequent  storage.  (2)  provide  complete  iraceabilitv 
records  on  all  materials,  processing,  and  testing,  and  (3)  inspect  the  fabricated  materials  and  joints  as  necessary  with 
visual  and  automatic  ultrasonic  and  radiographic  methods.  Specimen  fabrication  and  instrumentation  was  accom¬ 
plished  using  the  same  rigid  processing  and  inspection  controls  utilized  in  laminate  and  joint  manufacture.  Testing 
was  accomplished  in  accordance  with  appropriate  specifications  with  all  testing  conducted  at  a  constant  strain  rale 
and  with  load  and  strain  data  automatically  recorded  both  digitally  and  with  autographic  continuous  plots.  Data 
reduction  and  analyses  were  designed  to  fit  the  analytical  method  verification  requirements,  causing  many  details  to 


*Necessary  because  the  small  dellection  assumption  was  inadequate. 


iw'iiit'd  ,nui  /01.I  wiiiiii  luivo  luil  usually  been  considered  important  in  tlie  past.  The  detailed  traceability 
w.'uK  wcic  i'\i;enu'ly  useful  in  the  data  analvsis  task. 

A  Mines  and  statistical  study  of  bonded  lap  joint  data  in  tbe  literature  was  made  early  in  the  program  to  pro- 
sule  guidance  011  the  e\|iei  iiuental  effort  atid  insight  into  the  generation  of  design  information. 

I’loblem  tireas  encouiitcied  were  ( I )  low  and  variable  boron  fiber  quality  from  one  prepreg  batch  to  the  next, 

1 2 )  inability  to  tnachitie  steps  itito  boron  laiuituite  adherends  in  preparation  for  step  lap  johit  I'abrication  atid  (3 )  the 
dtlticults  ol  developing  rigorous  scarf  joitit  atialysis  ec|uations.  Another  small  problem  was  tluit  a  closely  controlled 
bondlitie  thicktiess  was  not  achieved  in  the  experimental  effort.  Tools  for  achieving  lap  shear  assemblies  with  control¬ 
led.  consistetit.  atid  repeatable  botidlitie  thicktiesses  were  designed  but  not  fabricated  and  used  because  ol  program 
economic  litnilalions. 

hi  suiiiiiiaiA',  the  above  roseatch  |irograni  accomplished  all  objectives  delineated  in  .Section  I.  The  goal  of  being 
able  to  predict  all  |irittcipal  lailure  modes  wtisonly  partially  achieved,  however.  Cohesive  fracture  of  the  bondlitie  or 
CkUiiposite  siirlace  resin  and  adherend  net  section  tension  failure  are  the  principal  modes  predictable  by  the  nonlinear 
equations  develo|ierl  hereiti.  Ititerkitiiitiar  shear  (or  longitudinal  splitting)  lailure  is  not  predictable  by  these  methods. 
Neithei  is  ititei  l;ice  (adhesive/adheretui  or  cotiiposile  surface  resin/fiber)  lailure  but  it  is  doubtful  that  this  should  be 
considereil  ati  :icce|iiable  primary  tiiode  of  failure  since  it  is  related  to  poor  materials  ;uid  processing  tpialiiy. 

'fhe  tiotilitiear  joint  analysis  techniques  developed  utili/e  the  Ranibcrg-Osgoml  three-parametei  stress-straiti 
cuives  oti  the  tidhesive  atid  adherend  materials  ;is  inputs  into  program  in  older  that  behavior  may  be  predik,ied 
throughout  the  elastic  atid  itiehistic  lange  to  failure.  Maximum  stress  theory  was  used  for  both  adhesive  aiul  tiiatiiiitn 
adhetetid  lailitre  medicliou.  .vhetetis  inaxiniutn  strain  theory  was  used  tor  lamiiuite  adherend  lailure  prediciioti,  W’heti 
these  were  tn|iut  the  attalvsis  cotnpiiter  progratns  became  design  preuiciive  jirogratiis  tor  mean  strength  estimatioii. 

;\l  predicletl  lailitre  lo.id  the  program  ininis  out  the  bondline  adhesive  shetii  ;ind  norni;il  stresses  at  numerous  stations 
along  the  overhiji  lengtli  along  with  individual  lamiiia  and  isotropic  adherend  stresses  at  these  points.  This  piovides 
a  complete  stress  map  of  the  oveilap  area  in  digital  foim.  .Such  information  will  be  useful  in  |oini  design  tuialysis  as 
uell  as  posi-lailuie  critic|ues. 

.\ll.3.  K1  C'O.MMl  NDA'IIONS 

■fhe  aieas  which  need  luilher  study  are  ( I )  the  adaptation  ol  these  nonlmeai  techniques  to  predict  mieilaiiiiiiai 
sheai  (aiul  longitudiiial  spliliiiig)  lailuie'*.  (2)  nuulificalir'ii  of  the  noiilineai  formulas  to  predict  interlace  l.iihne  and 
correlate  it  with  some  materials  01  )iiocessmu  properlv  which  depicts  quaii’ ■  level.  (31  moditicalion  ot  plane  strain 
assumption  useil  in  the  lornuilas  to  predict  correct  transverse  composite  adherend  himiiia  strains  loi  various  orienia- 
lions  and  (4  I  rleierminalion  of  the  small  delleclion  theory's  adequaev  lor  nonlinear  analvsis  developed  heiein.  The 
equations  need,  experimenia!  verilicalion  for  compressive  and  combined  loadings  and  lor  other  composite  materials 
which  exhibn  diflereni  behavioi  |ialterns  such  as  graphite 'epoxy .  glass  epoxy,  and  metal  matrix  composites.  Design 
analvsis  aiii  lictilion  studies  need  to  be  made  wbich  would  check  out  these  Ir'rmnlas  against  Iv  pical  airframe  coiiipo- 
neni  sirucl.iral  ioiiils  whiidi  have  been  or  could  be  experinienlally  evaluated. 

A  need  for  experiiiienial  study  of  the  detailed  joint  beliavior  under  repealed  loadiiigsT  is  also  indicated  from 
the  test  lesulis  of  this  program,  .Such  loadings,  expanded  into  lime  and  temperature  dependent  spectrumsand  or 
eiivironmenlal  exposuies  typical  of  airframe  applications  would  yield  much  information  on  the  lime-temperature 
dependent  .md  01  eiivironmenlal  eflects  change  of  bonded  joint  behavior  under  various  loadings.  It  might  also  be 


'*'Kef  (2 1  )  piesents  methods  of  predicting  interlaminar  shear  bonded  joint  failure  in  the  elastic  range,  however,  report 
was  leceived  loo  hite  for  coiisidertilion  in  present  program. 

Ret  (211  also  pieseiils  considerable  fatigue  data  on  bonded  joints  but  was  received  too  late  for  consideration  herein. 
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possible  lo  lelale  lliese  behavior  changes  to  a  pattern  of  changes  in  “effective”  inpu*  properties  and  tlien  use  the  non 
linear  loimulae  as  predictive  methods. 


An  cllort  to  complete  development  ol  the  nonlinear  analysis  equations  for  the  scarf  joint  is  also  needed  along 
with  the  necessary  discrete  element  and  experimental  checks.  Tliis  effort  would  round  out  the  nonlinear  methods 
available  to  cover  all  the  basic  types  of  load  transfer  joints  used  in  airframe  structures. 
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SCARF  JOINT  EQUATIONS 


The  scarf  joint  is  idealized  as  shown  in  Fig.  A.  1,  the  cement  thicknes  s 
being  exaggerated  for  clarity. 

We  take  the  coordinate  axes,  x  and  z,  as  shown.  The  displacement 
Uq  =  ^  displacement  of  the  right  face  of  the  adhesive  and 

1  ~  is  the  X  displacement  of  the  left  face. 

The  displacements  Ug  and  Uj  are  the  x  displacements  of  the  centroids 
of  the  upper  and  lower  adhercnds,  as  shown.  The  z  displacements  of  the 
upper  and  lower  adherends  are  wg  and  wj  taken  positive  in  the  positive  z 
directions.  The  displacements  wg  and  wj  are  the  usual  "bending  deflections" 
of  the  adherends. 

For  the  present,  we  shall  assume  the  material  to  be  elastic -isotropic 
and  consider  conditions  of  plane  strain. 

Consider  the  free  body  of  Fig.  A.  Z.  Equilibrium  of  the  upper  element 
requires  that 
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FIGURE  A.  2.  FREE  BODY  OF  SCARF 
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Similarly,  for  the  lower  element  we  have 
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Considering  Un^  deformation  of  the;  cement,  we  have 
T  =  —  cos  -  (  ug  -  u  j )  -  (vg  -  V|)  tan  ^ 


-  c  6  ,  e 
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whero  G  and  are  the  shear  and  tensile  moduli  of  the  cement.  Noting 


that 
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Differentiation  gives 
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We  assume  the  following  strain-displacement  and  moment  curvature 


relations  for  the  adlierend 
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where  E  is  the  elastic  modulus  of  the  adherend  and  v  is  Poisson's  ratio. 
From  Equations  (15),  (16),  and  (17),  we  get 
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Substitution  into  Equations  (13)  and  (14)  gives 
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Differentiation  of  Equation  (20)  and  substitution  from  the  third  of 


Equations  (18)  gives 
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From  Equations  (1)  and  (3),  wc  get 


0  Id,,,  » 


and,  from  Equations  (2)  and  (4),  there  results 


T  +  cr  tan  ^  =  i-  —  (N,t  -  Nt  ) 
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Solving  Equations  (22)  and  (23)  for  cr  and  T,  there  results 
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these  equations  may  be  written  in  the  form 


0-  =  -  cos“  y  - r 

2  2  Jv2 


I  'f'z  Ml)  +  ■  ^l) 


cos2|  ^(N  -N.)-tani  A,-(Mu  +  Ml) 


Wo  note  the  lollowing  identities: 


i_  _i_ 

U 


(2 


Ml  /  1 


h^L  \^U  ^ 


Lj(Mu  +  Ml)  +  (My  -  Ml)^ 


JL+_L 

Z  ,2 


(2' 


Since 
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and,  from  Equation  (6), 
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F^quations  (28)  and  (29)  give 
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Substitution  of  these  results  in  Equations  (19)  and  (21)  gives 
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Differentiation  of  Equations  (26)  and  (27)  and  introduction  into  Equations  (32) 


and  (33 )  yield 
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Equations  (34)  and  (35)  represent  the  two  basic  differential  equations 
(Mu  I  M  u)  and  (Ny  -  N y)  that  are  to  be  integrated.  The  coefficients  in  the 
equations  arc  variable,  being  functions  of  the  coordinate  x.  The  integral  of 


these  equations  is  not  known. 
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TABLE  B. 2.  104  GLASS 

SCRIM/ 5505  LAMINATE  PROPERTIES  (RT) 

Property 

Value 

Density 

Q. 

9.5  ^  10"^  in.  /  in.  /  °F 

^L 

5.  8  X  10"^  in.  /  in.  /°F 

ptu 

37. 8  ksi 

33. 3  ksi 

E*- 

3.  2  X  10^  psi 

vt 

LT 

0.  151  (at  5000  p-in.  /in.  strain) 

ptu 

T 

13.41  ksi 

ptpi 

T 

9.00  ksi 

rt 

-T 

1,7  X  10^  psi 

TL 

0.120  (at  5000  p-in./in.  strain) 

45.  36  ksi 

8.  88  ksi 

^L 

4.69  X  1 0^  psi 

V  ^ 

LT 

0.  32  (at  5000  p-in. /in.  strain) 

pSU 

IL  11  ksi 

pspi 

10  ksi 

G 

0.933  X  10^  psi 

B-3 

TABLE  B.  3.  2  387  EPOXY-NOVOLAK  RESIN  MATRIX  (RT) 


P  roperty 

Value 

Density 

0. 044  lb/ in.  ^ 

a 

27  X  10-6  in./in./“F 

ptu 

4.  1 84  ksi 

ptpi 

2. 92  ksi 

Et 

0, 487  X  lo6  psi 

vt 

0.31  (at  5000  (jL-in. /in.  strain) 

pcu 

23.  52  ksi 

pcp^ 

8.  88  ksi 

0.  560  X  106  psi 

vC 

0.  387  (at  5000  p-in./in.  strain) 

pSU 

1  .  54  ksi 

G 

0.191  ksi 

l}-4 
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GENERAL  SPECIFICATION 
Laminate  Orientation  Code 


1 .  0  Purpose 

The  purpose  of  this  specification  is  to  establish  a  Standard  Laminate 
Code  that  will  provide  the  user  with  a  clear,  concise,  and  common  notation 
when  dealing  with  Laminated  Composite  Materials. 

2 .  0  Applica b le  Documents 

"Structural  Design  Guide  for  Advanced  Composite  Applications," 

First  Edition,  Section  1.5. 

3 .  0  Scope 

This  specification  presents  only  the  sections  of  the  Standard  Laminat 
Code  that  are  appl'^able  to  the  work  being  done  presently  at  the  Institute. 

For  the  coirjplete  code  and  a  condensed  code,  si'e  the  document  referenced 
above . 

Note :  This  specification  is  intended  to  be  used  in  specifying  laminate 
orientation.  It  does  not  imply  any  preferred  laminate  design. 

4  .  0  Standard  Laminate  Code 

The  Standard  Laminate  Code  is  used  to  describe  a  specific  laminate 
uniquely.  It  is  most  simply  defined  by  tlie  following  detailed  description  of 


its  features. 


4 .  1  Standard  Code  Elements 

a.  Each  lamina  is  denoted  by  a  number  representing 

its  orientation  in  degrees  between  its  filament  direction 
and  the  X-axis  (principal  axis). 

b.  Individual  adjacent  laminae  are  separated  in  the  code 
Ijy  a  slash,  if  their  angles  are  different. 

c.  The  laminae  are  listed  in  sequence  from  one  laminate 
face  to  the  other,  with  brackets  indicating  the  beginning 
and  end  of  the  code. 

d.  Adjacent  laminae  of  the-  same  angle  are  denoted  by  a 
numerical  subscript. 

e.  A  subscript  T  to  the  bracket  indicates  that  the  total 
laminate  is  shown. 

Code 


4 .  Z  Positive  and  Negative  Angles 

iVhen  adjacent  laminae  are  of  the  same  angle  but  opposite  in 
sign,  the  appropriate  .,se  of  +  and  -  signs  is  employed.  Each  +  or  -  sign 
represents  one  lamina  and  supersedes  the  use  of  the  numerical  subscript, 
which  is  used  only  when  the  directions  are  identical.  Positive  angles  are 


4  5/0/90^/30  .j. 


f.am  inate 


assumed  clockwise: 


Symmetric  laminates  witli  an  even  number  of  laminae  still 


list  tlic  laminae  in  sequence,  starting  at  one  face,  but  stopping  at  the  plane 
of  symmetry  instead  of  continuing  to  the  other  face.  A  bracket  subscript 
S  indicates  only  one-half  of  the  laminate  is  shown: 


Laminate  Code 


Symmetric  laminates  with  an  odd  number  of  laminae  are  coded  the  same 
as  even  symmetric  laminates,  except  tliat  the  center  lamina,  listed  last, 
is  overlined  to  indicate  that  lalf  of  it  lies  on  either  side  of  the  plane  of 


Repeating  sequences  of  laminae  are  called  sets  and  are 


enclosed  in  parentheses.  A  set  is  coded  in  accordance  with  the  same  rules 
which  apply  to  a  single  lamina: 


Laminate  Code 


on  the  other  hand: 


Laminates  are  often  composed  of  a  single  repeated  set.  When 
it  is  desired  to  refer  to  the  laminate  in  a  generic  sense,  or  when  the  number 
of  sets  has  yet  to  be  determined,  as  in  the  sizing  stages  of  design,  the  coef¬ 


ficient  n  will  be  used  with  the  Dracket  subscripts  T  and  S  instead  of  a  numeri 


cal  coefficient. 


•J.  5  Quasi-Symmetric  Laminates 

Laminates  which  would  be  symmetrical  about  the  center  plane 
except  that  the  halves  of  corresponding  pairs  of  laminae  are  of  different 
sign,  are  said  to  exhibit  quasi- s ymmetry.  These  are  coded  in  the  same 
manner  as  symmetrical  laminates  except  for  the  introduction  of  the  bracket 


subscript  Q  in  place  of  the  subscript  S.  The  direction  of  the  positive  angle 
is  assumed  clockwise: 


Lam  inate 


Code 


45/0 


45 

0  -- 
-45 
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COMi'OSITI-  l.AMINATi;  l  ABRICATION 


SwRI  03-301 

PROCESS  STANDARD  FOR  BORON/RESIN 
COMPOSITE  LAMINATE  FABRICATION 

SU  BJ  E  CT :  Manufactuie  and  Quality  Control  of  Advanced  Composite  Laminate 
Fiber  Glass/Epoxy  and  Boron/Epoxy. 

SCOPE:  This  process  standard  establishes  the  procedures  for  the  fabrica¬ 
tion  and  quality  control  of  laminates  of  fiber  f^lass/cpoxy  and  boron/epoxy 
composites  to  be  used  in  the  (.'valuation  of  simple  bonded  joints. 
REFERENCES: 

(1)  Division  X  "Processes  and  Effects,  "  Structural  Design  Guide 
for  Advanced  Composite  A  pplications ,  Final  Draft,  November 
1968. 

(2)  "Structural  Ai  rframe  Apetication  of  Advanced  Composite; 
Materials,  "  Volume  VII,  Manufacturing  Methods,  by  B.  E. 
Chitwood  and  J.  R.  .Stovall,  The  Fort  Worth  Division  of  General 
Dynamics,  Technical  Report  A  FM  L-T  R  -  69- 1  0 1 ,  May  1969. 

(3)  "Advanced  Composite  Wing  .Structure,"  Grumman  Aircraft 
Enginee  ring  Corporation,  AF  Contract  F3  3  61 5  -  68- C- 1  3  0 1  , 

First  Qua  rterly  Progress  Report,  May  1968. 

MATERIALS  AND  EQUIPMENT: 

(1)  NARMCO  1581  -5505  preimpregnated  glass  fabric. 

(2)  NARMCO  Boron/5505  (-poxy  pin'impregnated  material. 


(3)  181  and  120  dry  glass  fabric. 

(4)  TX-1  040  glass  fabric  ( Teflon treated)  -  Pallflex  Corporation. 


(^)  0.  001-inch  Mylar^  film  -  duPont. 

(b)  Coroprene  ( rubber  -  asbestos  )  -  Armstrong  Cork. 

(7)  Herblease  (EXL- 1 894/ 1  0%  Vydax  AR)  -  Mitchell  Rand/duPont. 

(8)  M  and  N  50-ton  Hydraulic  Press  (350°F). 

(9)  Air-circulating  oven  (500°F). 

(10)  Molds. 

PROCEDURE: 

A.  General  -  Requirements  for  fabrication  of  glass  fabric/epoxy  and 

horon/epoxy  composites  are  as  follows: 

(1)  Temperature  and  Humidity  Control  -  the  layup  area  shall  be 

maintained  at  70°F  ±  5°F  and  humidity  shall  be  65  percent  or  less, 

(Z)  The  number  and  or  ientation  of  plies  in  each  panel  shall  be  as 
specified  in  process  instructions.  The  ply  orientation  shall  be 
accurate  to  ±0,  50°,  Butt  joints  of  3- in.  boron  tape  shall  be 
staggered  0.500  in.  ±  0.030  in,  between  plies.  During  layup, 
the  fiber  spacing  of  the  tape  shall  be  inspected.  Loose  fibers, 
crossovers,  and  gaj^s  greater  than  0  030  in  wide  shall  be 
repaired.  All  discrefjancies  shall  be  noted  and  approval  fur 
further  use  must  be  obtained  Irom  the  project  leader. 

(3)  To  avoid  penetration  of  boron  filaments  into  the  flesh  or  clothing, 
the  following  safety  precautions  must  be  used: 

(a)  A  coat  of  nylon  or  equi\alent  tight-weave,  smooth  surface 
fabric  must  be  worn  at  all  times  when  working  with  boron/ 


epoxy  materials. 


(b)  Safety  glasses  or  eye  shield  shall  be  worn  when  cutting 
boron  filaments , 

(c)  Immediately  remove  any  filament  which  penetrates  the  flesh 
to  prevent  the  filament  from  breaking  off  or  penetrating 
deeper. 


(1)  Preparation  -  The  steel  tooling  plate  shall  have  two  coats  of 
EXL/10  percent  Vydax,  each  coat  allowed  to  dry  at  least 

10  min,  followed  by  buffing,  If  steel  restraining  dams  arc  to 
be  used  for  boundary  sup])orts.  they  should  also  be  coated  with 
two  applications  of  EXL/10  percent  Vydax,  Steel  dams  shall  be 
1/Z  in.  in  width  and  within  +0  005/ -0.  000  in.  of  the  final  laminate 
thickness,,  If  Coroprene  dams  are  used,  1/8-in,  thick  Coroprene 
shall  be  used  for  8  through  19  plies  of  boron/epoxy  or  half  that 
number  of  glass  fiber/epoxy  plies. 

(2)  Laminates  to  be  subsequently  bonded  shall  have  a  peel  ply  which 
is  to  be  placed  on  the  tool,  surface.  If  a  partial  peel  plyr  is  to  be 
used,  the  remainder  of  the  tool  surface  shall  be  covered  with 
Teflon®  film  of  the  same  thickness.  Weight  of  the  peel  ply  shall 
be  recorded, 

(3)  The  lot  number  and  roll  number  of  the  boron/epoxy  or  fiber  glass 
epoxy  used  for  the  layup  shall  be  recorded,  Panel  weight  before 
and  after  curing  shall  be  entered  on  the  quality  control  sheet  for 
each  panel.  The  pre impregnai ed  materials  shall  be  maintained  in 


(-12 


■3 


0°F  storage  until  ready  for  use.  The  material  is  then  removed 


from  storage  and  allowed  to  warm  to  room  temperature  while 


sealed  in  the  polyethylene  bag. 


(4)  Hand  layup  shall  use  Mylar'-''-'  templates  ior  each  ply  of  material. 


Each  template  is  scribed  with  the  panel  size,  shape,  and  fiber 


orientation.  It  will  be  identified  with  the  panel  number,  dash 


number,  and  ply  number  counting  from  the  tool.  Tooling  pin 


holes  will  locate  the  template  on  the  tool.  Boron  or  fiber-glass 


material  is  laid  up  on  each  template,  trimmed  to  the  trim  lines, 


and  covered  with  transparent  polyethylene  film.  The  material  is 


taped  in  place  and  inspected  with  template  layup.  If  the  panel 


is  not  laid  up  immediately,  the  material  is  returned  to  0°F 


storage  until  ready  for  layup  Templates  are  allowed  to  come 


to  room  temperature  before  protective  sheet  is  removed.  The 


Mylar'^  template  is  placed  (material  down)  on  the  tool  next  to  the 


tooling  pins.  The  template  is  rubbed  over  the  layup  to  create 


intimate  contact  with  the  tool  or  preimpregnated  peel  ply.  The 


template  is  removed  by  rolling  from  one  corner  with  the  axis 


of  the  roll  perpendicular  to  the  fiber  direction.  Each  subsequent 


ply  is  located  in  the  same  way  The  exposed  material  is  inspected 


after  each  template  is  removed. 


(5)  When  the  last  ply  of  material  has  been  laid  up  on  the  tool,  a 


boundary  support  is  located  around  the  periphery  of  the  panel. 


This  boundary  must  be  within  0,06  in,  (maximum)  of  the  edge  oi 


the  panel.  It  must  be  slightly  thicker  than  the  cured  panel. 


Resin  (liquid  and  at  85  psi)  must  not  be  able  to  leak  under  the 
boundary  support  or  through  the  corners.  All  resin  loss  must 
be  vertical.  The  layup  is  then  covered  with  one  ply  of  TX-1040 
trimmed  to  fit  within  the  boundary  support.  The  required 
number  of  bleeder  plies  are  trimmed  to  fit  within  the  boundary 
support  and  are  placed  on  the  TX-10s:0.  (One-ply,  120-dry 
glass  fabric  bleeder  should  be  used  for  each  4  to  5  plies  boron; 
one  ply  of  181  preimpregnatecl  glass  fabric  is  equal  to  the  thick¬ 
ness  of  two  plies  of  boron.  )  The  entire  layup  is  covered  with 
thin  Mylar®  (0.,  0075  in,  thick)  which  extends  uvei-  the  boundary 
support  and  is  taped  to  the  tool  on  two  opposite  sides.  The 
Mylar^'  film  is  perforated  on  2-in.  centers  which  allow  escape 
of  gas,  but  prevent  excessive  loss  of  resin.  The  layup  is  then 
covered  with  one  ply  of  181 -dry  glass  fiibric  large  enough  to 
completely  cov(ir  the  layiqj  and  overhang  the  tool  by  at  kuist 
4  in.  on  at  least  one  side,.  This  |jly  permits  gas  in  the  panel  to 
vent  to  the  atmosphere,  A  press  plate  (or  upper  tool  plate)  is 
placed  over  the  layup  and  the  panel  is  cured  in  the  hot  platen 
press.  See  Figure  30  on  the  following  page. 

(6)  The  panel  is  cured  at  a  pressure  of  85  psi  with  temperature 
cycle  as  follows' 

(a)  200“F  for  2  hr 


1.  Separator  Cloth  (TX  1040)  or  Peel  Ply 
1.  Boron  or  Glass  Fabric  Laminate 

3.  Separator  Cloth  (T-X1040) 

4.  Bleeder  Plies  (IZOGlass  F  abr  ic  -  -  1  ply  pe  r  4  plie  s  Boron  or  2  plies  Glass  F  abr  ic 

5.  Mylar  Film  (Overlaps  Boundary  Support) 

6.  181  Vent  Ply  (Overlaps  Tool) 

7.  Boundary  Support 


FIGURE  30.  LAYOUT  PROCEDURE 


(b)  300”F  for  2  hr 

(c)  330°  F  for  2  hr 

Allow  panel  to  cool  in  press  under  85-psi  pressure  until  cooled 
to  125°F.  If  poslcure  is  required,  this  may  be  accomplished 
in  the  air  circulating  oven. 

(7)  Trim  laminate  to  remove  resin  flash  and  record  panel  weight. 
Calculate  and  record  the  retained  resin  content  on  the  ciuality 
control  sheet. 

Quality  Assurance  Provisions 

(1)  Receiving  -  All  materials  shall  be  inspected  upon  receipt  and 
before  use  in  layup  in  accordance  with  provisions  outlined  in 
The  Structural  Design  Guide  for  Advanced  Composite  Applications. 


(.!)  Process  Control  -  A  quality  control  sheet  shall  be  maintained 
for  each  panel  to  verify  compliance  to  the  requirements  of  this 
specification. 

(3)  Process  Verification  Panels  -  A  15-ply,  3X9  in.,  0°  orientation 
process  verification  tab  shall  be  molded  simultaneously  with 
each  panel  using  the  same  lot  of  material  unless  excess  (cutoff) 
panel  material  is  availalile.  The  process  verification  tab  shall 
be  submitted  for  testing  for  flexural  strength  and  horizontal 
shear  strength  at  roo!ii  t('mpe rature.  prior  to  machining  of  the 
test  siJecimen  laminate. 

(4)  Nondestructive  Test  Kequ  i  re  me  nts  -  Mach  laminate,  including 
test  tabs,  shall  be  inspected  u  It  r  as  on  ica  1  ly  for  voids,  delaniina- 
tions,  and  missing  plies  and  results  recorded  on  the  quality 
control  sheet.  Each  machitu'd  detail  shall  be  visually  inspected 
for  filament  oriemtation  (cjr  other  nondc's tructi vc  inspection)  and 
results  recorded  on  the  cjuality  control  sheet. 


SwRI  03-304 

PROCESS  STANDARD  FOR  ADHESIVE  BONDING  OF  ADVANCED 
COMPOSITE  .LAMINATES  AND  METAL  ATTACHMENTS 

SUBJECT :  Bonding  Techniques  for  Preparation  of  Physical  Test  Specimens 
and  Bonded  Joints  from  Fiber  Glass/Epoxy  or  Boron/Epoxy  Composite 
Laminates  and  Metal  Attachments. 

SCOPE;  This  process  standard  establishes  the  procedures  for  surface  prep¬ 
aration  of  composite  laminates  and  metal  attachments  and  adhesive-  bonding 
and  cure  of  joints  or  other  attachmei'.ts. 

REFERENCES: 

(1)  ASTM-ZOJ  i -o2T  Preparation  of  Surfat  i-s  of  Plastic  for 
Adhesive  Ponding. 

(2)  AST M  - 2 f) S  1  - (1 7T  l^reparalion  of  Metal  Surlaccs  ;  >r  Adliesi'.-e 
Bonding 

(3)  "Invc.stigatinn  ofStnictur.il  Design  Concepts  lor  P'ibrous  .Air¬ 
craft  .Structures,  "  by  G.  C.  Grimes,  fi.  J.  P.ijie,  and 

J.  fl.  Ferguson,  .Southwe.it  Rc-search  Institute,  Technical  Report 
AFFDL- J'R-f)7-29-Vol.  Ill,  Novembe-r  1967. 

MATERIALS  AND  EQUIPMENT; 

(1)  3M  Company  -  A F- 1  2 !>- 2  - 0.  06  Film  Adhesi\’e 

(2)  NARMCO  Materials  Division,  Whittakc-r  Corporation  -  Metl- 
bond  -  129  Film  Adlu-sive 

(3)  707S-T6  Clad  Aluminum  Alloy 

(4)  6A1-4V  Titanium  Alloy 


GbS 


(5)  1581  Glass  Fabric/5505  Epoxy  Laminate 

(5)  Boron/  5505  Epoxy  Laminate 

(7)  Constant  Temperature  Bath  (150  to  650°  F) 

(8)  Air -Ci  rculaling  Oven  (RT-500°F) 

(9)  M&-N  50-Ton  Hydraulic  Prc-s s / Heated  Platens  (RT-600°F). 
CLEANING  PROCEDURES: 

A.  Alurr.inum  Alloy  -  Aluminum  aHoys  are  to  be  cleaned  prior  to  applying 

the  adhesive  bonding  agc-nt  by  the  lolii''v/ir.g  procedure 


(1) 

Wipe  with  solvent 

(MEK) 

U) 

ImmeM'se  in  Oakite  6lB  ij’  to 

8  07.  /  gal )  at  1  60 

to 

1  80"  I-'  for  5  m 

(3) 

Rinse'  with  R.  T. 

running  tap 

wate-r  for  1  min 

(4) 

Imme.Tse  in  Oakite-  I-IM  (8  to 

16  o/.  /  gal )  at  R. 

T. 

for  10  rnir; 

(6) 

Rinse-  \'-itli  R  1'. 

running  taji 

water  for  2  min 

(6) 

Dry  in  air-circul. 

ding  ove-n  at  200°  1-'  for  5  to 

1  0 

min. 

B,  Titanium  Alloy  -  Titanium  i.illovs  are  to  be  cleaned  prior  to  applying 

the  adhesi\'e  lionding  .igiuit  liy  tiu'  following  jjroiedure; 

(1)  Grit  blast  xv'ithline  grit 

(Z)  Immerse  in  Oakite  31  (1  part  Oakite  ti  .1  n.i  rm  water)  at  K.  T, 
for  5  min 

(3)  Rinse  with  R.  T.  running  tap  water  for  3  min 

(4)  Immerse'  in  the  following  solution  at  R.  T,  for  1  min 

(a)  841  ml  HCEacid  (Re-agent  Grade,  37  to  38  percent) 

(b)  89  m^  Orthophosphoric  acid  (Reagent  Grade,  85  to 


87  percent) 


(c)  ini'  HF  acid  (Reagent  Grade,  60  perccMit) 

(  0  Rinse  uitli  R.  T.  running  tap  water  for  3  min 

(n)  Air  dry  for  1  hr  at  less  than  60  percent  R.  H.  and  above  65°F 

or  oven  dry  for  16  min  at  180°  to  200°  F, 

C'.  1681  Glass  Fabric  or  r3oron/5605  Epoxy  Laminates  -  Glass  fabric 

or  boron  laminates  in  epoxy  matrix  are  cleaned  for  application  of 
adliesive  bonding  agents  as  follows: 

(1)  Wipe  with  solvent  (MEK  or  acetone) 

(2)  Sand  with  emery  paper  or  sandpaper,  fine  grit,  no  larger  than 
No,  400 

(1)  Wipe  with  clean,  dry  cloth 

(4)  Wipe  with  solvent  (MEK  or  acetone), 

BONDING  PROCEDURES 

A,  A F- 1  26 -2  -  0.  06  Film  Adhesive  -  The  AF-126  adhesive  is  a  nitrile - 
1,’poxy,  unsupported  B-stage  film  adhesive  manufactured  by  the  3M 
Company.  It  is  used  witli  £lC-2320  Primer  according  to  the  following 
proct;du  r  e 

ll)  Clean  parts  to  be  bonded  (see  Cleaning  Procedures  above) 

(2)  Apply  EC -2320  Primer  to  bonding  area  by  spray,  brush  or 
dip  method 

(i)  Dry  primt'r  in  air-circulating  oven  at  150°F  for  30  nnin 

(4)  Cut  film  to  be  used  from  roll  with  separating  liner  in  place 

(6)  Place  film  on  primed  jiart  using  the  separating  liner  as  d  [ire- 


tec  1 1\'  (,‘  cover 


((')  Roll  lilno  onto  part  with  a  rubber  roller  insuring  that  no  air  is 
trapped  between  surface  and  film 

(7)  Remove  protective  cover 

(8)  Assemble  parts 

(9)  Cure  bond  at  50  psi  and  275°F  for  1  hr..  Heat-up  rate  should  not 
exceed  10°F/min  and  cool  down  under  pressure  to  200°F  or 
below.  Temperature  should  be  monitored  at  glue  line. 

Metlbond  -  3?, 9  Film  Adhesive  -  The  MB -329  adhesive  is  modified 

epoxy,  nylon  cloth  supported,  B-stage  film  adhesive  manufactured  by 

NARMCO  Materials  Division,  Whittaker  Corporation,  The  bonding 

procedure  is  as  follow.s 

(1)  Clean  parts  to  be  bonded  (see  Cleaning  Procedures  above) 

(2)  Apply  primer  to  bonding  area 

(3)  Dry  primer 

(4)  Cec  him  adhesive  to  be  used  from  roll  with  protective  liners 
i,i  place 

(5)  Remo'w  paper  separator  and  place  film  on  part  using  plastic 
liner  as  a  protective  cover 

(6)  Roll  film  onto  part  with  a  rubber  roller  to  insure  that  no  air 
is  trapped  between  surface  and  film 

(7)  Remove  plastic  protective  cover 


( 8 )  Assemble  parts 


■  xrr-tf 


(‘^)  Cure  bond  at  50  psi  and  350“F  for  1  hr.  Heat-up  rate  should 

not  exceed  10°F/min  and  cool  down  under  pressure  to  200°F  or 
below.  Temperature  should  be  monitored  at  glue  line. 


iaaA.faa: 


SwRI  S3-401 

TEST  STANDARD  FOR  FIBROUS  COMPOSITE  TENSILE  SPECIMENS 

1  .  0  PURPOSE 

It  is  the  purpose  of  this  standard  to  provide  a  standardized  technique 
for  measuring  tlie  static  tensile  properties  of  boron/epoxy  and  graphite/ 
epoxy  composites  subjected  to  a  monotonically  increasing  Load  to  failure. 

2.  0  APPLICABLE  DOCUMENTS 

"Structural  Design  Guide  for  Advanced  Composite  Applications, 

2nd  Edition,  Sections  7.3.1  and  7.3.2. 

3.  0  SCOPE 

This  standard  eover.s  both  boron/epoxy  and  g raphite /epoxy  mati;- 
rials  up  to  18  plies  tliick.  Mc‘asurem(>nts  shall  include  load/biaxial  strain 
data  to  obtain  biaxial  stress-strain  curves  to  failure  under  constant  strain 
rate  conditions. 

4.  0  SPECIMEN  PREPARATION  AND  INSTRUMENTATION 

Specimens  are  to  be  laid  out  and  cut  from  a  suitable  size  panel  to 
the  dimensions  shown  on  the  drawing  below.  Subsequent  to  cutting  out  the 
specimens,  tabs  are  bonded  onto  the  specimens  in  groups  of  three  or  more 
(see  drawing  below).  Strain  gages  are  to  be  as  described  on  the  drawing. 


(-24 


SwRI  Standard  Tensile  Specimen  for  Composites 


Notes: 

1.  tl  -  boron/epoxy  or  graphite/epoxy  specimen  18  plies  thick  unidirectional 
or  angleply 

Z.  t^  -  fibe rglass /epoxy  tabs  0.  100  ±  0.01  in.  thick  (approximately  12  plies  1581 

3.  Strain  gages  -  Micro-Measurements  06-250BF-350 

4.  Tolerances:  X  ±  0.  1  1 

XX  ±  0.04/  unless  noted  otherwise 
F  ractions  ±  1  /  1 6  ) 

5.  t3  -  boron/epoxy  0,96  in.  wide  1  sides  to  be  smooth,  splinter  free  and 

-  graphite/epoxy  0.  75  in.  wide)  flat  and  parallel  within  0.  015 

6.  Diamond  cutoff  wheel  to  be  used  in  sizing  specimens  from  panel 

7.  Tabs  are  bonded  on  in  groups  of  three  specimens  or  more  at  time  with 
strip  tabs  leaving  3/8-in.  spacing  between  specimens.  Individual  specimens 
are  then  sliced  off  by  cutting  through  tab  material. 

8.  Use  stand  Instron  wedge  grips  with  fine  serrations. 

9.  Tab  bonding:  cure  adhesive  1  hr  at  275°F  at  50  psi  in  heated  platen  press. 


■' .  0  TEST ING 

In  addition  lo  the  strain  gages,  a  clamp  on  extensometer  with  a  Z-in 
gage  length  will  be  used  on  each  specimen  in  order  to  control  the  strain 
rate  during  test  and  to  provide  back-up  load-deflection  curves  should  they 
be  needed.  Loading  should  be  on  a  monotonically  increasing  basis  at  a 
constant  strain  rate  of  0.  00125  in.  /min.  Load  and  strain  shall  be  recorded 


automatically,  either  continuously  or  at  known  automatically  spaced  time 
intervals  . 


6.  0  FAILURE  ANALYSIS 

All  specimens  shall  be  categorized  as  to  failure  type,  such  as  (1) 
not  section  tension,  (2)  delamination,  (3)  diagonal  shear,  (4)  brooming  net 
section  tension  dclamination,  or  (5)  any  combination  thereof.  Location  of 
llie  failure  shall  bo  measured  and  recorded.  -  Any  type  failure  between 
tabs  is  acceptable.  Any  type  failure  under  the  labs  is  unacceptable.  Com¬ 
plete  failure  description,  type  and  location  shall  be  recorded. 


7.  0  DATA  REDUCTION 

Raw  data  shall  be  appropriately  processed  to  yield  st  re s  s -  st  rain 
data  from  which  biaxial  stress-strain  curves  may  be  plotted.  Proportional 
limits,  knees,  moduli,  Poisson's  ratio,  and  ultimate  strengths  shall  be 


-■'Photographs  of  typical  failures  shall  be  made  for  record. 


Al’PliNDIX  D 

ULTRASONIC  TilRU-SCAN  AND  RADIOGRAPH  INSPHCTION 
RliCORDS  ON  BORON/LPOXY  ADIILRLNI)  PANICS 
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FIGURED.  4  INSPECTION  RECORD,  B-15 
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FIGURE  D.  5  INSPECTION  RECORD,  B-16 
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FIGURE  D.  8  INSPECTION  RECORD,  B-19 
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FIGURED.  9  INSPECTION  RECORD,  B-21 


FIGURE  D.  10  INSPECTION  RECORD,  B-ZZ 
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FIGURE  D.  11  INSPECTION  RECORD,  B-23 
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6  DD  below  maximinn  figure 


FIGURE  D.  13  INSPECTION  RECORD,  B-25 
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FIGURED.  14  INSPECTION  RECORD,  B-26 


FIGURED.  15  INSPECTION  RECORD,  5-27 


NSPFCTION  RECORD,  B-28 


APPENDIX  H 


SPLlXTliD  TYPICAL  ADlIHRliND  MATIiRIAL  TliNSILh 
STRi;S.S-STRAlN  CURVLS  AND  PHOTOMICROGRAPHS 
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PANEL  B-14  PHOTOMICROGRAPHS 


FIGURE  E.3 
STRESS  VS  STRAIN 


SPECIMEN  T-lb3 
(  r I'Tis  1  on) 

IP  H  5/0/ -45 /"o]^ 


=  89,  287  (91, 087)*  psi 
=  5,  090  X  10”^  in.  /in, 

=  0,  6561 
=  0.  6700 

=  59,426  (61, 226)*  psi 
=  3,209  X  10-6  /in. 

=  18.  518  X  10^  (19.  079)*  psi 
=  16.  673  X  106  (17.  009)*  psi 


S  t  r  c  s  .s 
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STRAIN  (THOUSANDS  OF  MICRO-INCHES/INC.H) 
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(a)  BOX  90°  Photo  No.  15303 


(b)  BOX  90°  Photo  No.  15260 


FIGUi^E  E.  4  PANEL  B-16  PHOT  OMIC ROG  RA PH.S 
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SPECIMEN  T-183 
(T  ension) 


FIGURE  E.  5 
STRESS  VS  STRAIN 
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(a)  BOX  90“  .Photo  No.  1  530B 


(b)  BOX  90“  Photo  No.  1B296 


FIGURE  E.7 


PANEL  B-22  PHOTOMICROGRAPHS 
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FIGURE  E.  9  PANEL  B-23  PHOTOMICROGRAPHS 


(a)  BOX  90”  Photo  No.  14986 


(b)  BOX  90”  Photo  No.  14987 


FIGURE  E.  13  PANEL  B-26  PHOTOMICROGRAPHS 


FIGURE  E.  14  AVERAGE  DATA  STRESS  VS  STRAIN  CURVE  -  0.016  Ti  6A1-4V  ANNEALED  SHEET 


figure  E.  16  AVERAGE  DATA  STRESS  VS  STRAIN  CURVE  -  0  045  Ti  6A1-4V  ANNEALED  SHEET 
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ANNEALED  SHEET 


TABLE  F.  i  (Cont  d) 
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APPliNDIXG 

NONLINHAR  DtSlGN/ ANALYSIS  PROGRAM 


FAILURL/BLllAVIOR  PRLDICTION  RESULTS  ON  SIMPLE  JOINTS 


appendix  G.  I 


FAILURE  LOAD  PREDICTION  RESULTS  ON  SIMPLE  JOINTS 
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13,  ABSTRACT 

Development  of  analysis  methods  for  orthotropic  adlierend  bonded  lap  joints  which  account  for  material  nonlinearities 
at  room  temperature  was  the  primary  objective  of  the  research  reported  herein.  The  use  of  these  metliods  in  predicting 
mechanical  behavior,  ultimate  loads,  and  failure  modes  was  the  goal.  In  order  to  accomplish  this,  new  analytical  procedures 
were  developed  and  successfully  checked  with  discrete  element  techniques  for  single,  doul)le,  and  step  lap  adhesively  bonded 
.ii’ii.'liment  configurations.  Experimental  verification  of  these  nonlinear  analyses  was  accomplislied  by  the  fabrication  and 
evaluation  of  a  variety  of  simple  joint  specimens  under  static  monotonically  increasing  load.  Failure  loads  and  modes  were 
used  as  die  primary  substantiation  characteristics  but  the  mechanical  behavior  of  a  small  number  of  these  simple  joint 
specimens  was  observed  at  intermediate  loadings  and  found  to  compare  favorably  with  the  analytically  predicted  behavior. 
Larger,  more  co.mplex  bonded  joints  were  designed,  fabricated,  and  evaluated  under  static  monotonically  increasing  loads  at 
room  temck'rature  utilizing  these  methods.  Ultimate  load,  failure  mode,  and  detailed  strain  behavior  at  any  intermediate 
load  weie  accurately  predicted  with  the  new  analyses,  as  substantiated  by  experimental  observations.  These  techniques  were 
put  into  a  computerized  design/analysis  program  for  structural  application  use  and  the  program  was  used  to  generate  bonded 
joint  design  allowable  curves. 
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